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THEME 


Symposium  on  “Solid  Rocket  Motor  Technology”  held  in  Spring  1 979,  divcreine  views  on  smoke  and 
®  fo>low-on  activity  was  suggested.  In  this  two-day  Specialists’  Meeting  on  “Smokeless  Propellants” 
nr^eiianTc'^^  ”  bring  together  specialized  experts  in  this  field  to  diseuw  their  problems  and  the  definition  of  smokSs  '  ’ 
1  f  included:  smokeless  propellant  chemistry;  experimenial  results  and  their  comparisons  on 

eXm  nn  f'"''  n*"  ‘‘  PfoP^'lamsi  smokeless  inhibitors;  smoke  measurements  particle 

collection,  different  wave  lengths;  light  diffusion  and  contrast;  plume  analysis  casurcmenis,  panicle 


•  •  ♦ 


PEP  sur  “U  Technologic  dcs  Motcurs  Fusees  a  Propergol  Solide",  oui  cut  lieu  au  prir  mns 
domain  la  fumcc  et  la  visibilite  furent  deja  cxprimccs  ct  il  ful  suggere  de  poursiiivre  I’ctudi  •  cc 

domainc.  Au  cour  de  la  reunion  de  spcciahstes,  d’une  durcc  dc  deux  jours,  qui  vous  a  M  proposce,  sur  le  theme  de  " 
Propergols  non  Generateurs  de  Fumce",  nous  avons  rcunis  dcs  experts  du  domainc  cn  cLsc  pour  cxamincrTcurs 
problemcs  ct  discutcr  do  la  definition  dcs  propergols  non  generateurs  dc  fumcc.  Lcs  sujets  ctudics  furent  les  suivants'  chimie 
raLenTd®°f  * generateurs  de  fumce;  rcsultats  experimentaux  ct  comparaison  dc  ccs  resultais  en  cc  qui  concerne 
absence  de  fumec,  I  emission  mmimale  de  fumce  et  remission  reduitc  dc  fumcc  dcs  propergols-  lcs  inhibiicurs  non 
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UK 


This  conference's  papers  show  significant  advanc.  s  in  some  areas  of  smokeless  propellants  since  the  S3rd  PEP  Meeting 
in  Oslo.  In  other  areas  the  advances  arc  not  so  obvious  and  further  work  remains  within  the  AGARD  Community. 

Smoke  consists  of  condensed  phase  particles  suspended  in  a  gas.  Accordingly,  metals  such  as  aluminium  fuel  materials 
which  inevitably  give  rise  to  condensed  phase  as  propellant  ingredients  arc  eliminated  fi  om  the  definition  of  smoke'ess 
propellants.  Paper  No  3  by  Mr  Ajdari  of  SNPE  showed  even  small  proportions  of  aluminium  give  unacceptable  smoke 
penalty.  For  example  2  -  aluminium  in  a  double  base  matrix  resulted  in  only  58%  transmission  through.the  plume  of  a  visible 
wavelength  beam.  Of  interest  this  paper  showed  that  at  the  2%  aluminium  level  the  transparency  of  the  plume  in  the  infra-red 
region  was  much  higher  than  in  the  visible.  This  phenomenon  is  explainable,  however,  from  the  optical  properties  of 
particulate  clouds.  The  light  or  beam  scattering  coefficient  of  a  single  particle  reaches  a  peak  at  a  specific  particle  size.  This 
peak  in  the  seattcririg  coefficient  shifts  to  the  high  particle  size  regions  at  the  longer  infra-red  wavelengths.  Thus  the  relatively 
dilute  cloud  of  aluminium  oxide  smoke  in  Mr  Ajdari’s  example  becomes  more  transparent  in  the  infra-red  regions, 
Nevertheless,  at  slightly  higher  aluminium  contents  the  particuhite  cloud  would  become  more  dense  and  when  entering  the 
state  of  multiple  particle  scattering  of  the  incident  beam,  the  attenuation  in  the  infra-red  wavelengths  would  also  climb 
steeply. 

It  follows  from  the  above  that,  since  aluminium  or  other  metal  fuels  are  not  compatible  with  smokeless  propellants,  an 
energy  penalty  is  inevitable  as  a  trade-off  for  desirable  plume  properties.  The  conference  papcis  reflccv  the  attempts  to 
minimise  this  energy  penalty  and  achieve  other  utilis.able  propellant  properties  by  propellant  formulation  advances. 

This  latter  task  has  to  be  constrained  by  the  definition  of  smokeless  propellant.  It  is  noteworthy  that  this  conference 
programme  preamble  referred  to  the  findings  of  the  5*rd  PEP  Meeting**.  The  lattci  referred  to  differences  of  view  on  the 
definitions  of  smoke  and  visibility  and  the  “further  need  for  spcci.alists  to  consider  further,  etc”. 

Thu  evaluator  considers  the  conference  in  general  did  not  address  itself  to  this  specific  question  and  there  is  a  need  for 
an  agieed  quantitative  measure  and  methodology  for  defining  smoke  properties  of  propellants. 

Papei  No  1  by  Dr  R.L.Derr  was  the  only  paper  in  the  conference  specifically  devoted  to  attempting  this  definition  and 
this  paper  also  introduced  the  important  subject  of  hazard  classificarion  associated  with  minimum  smoke  which  is  referred  to 
later.  This  paper  No  I  classified  piopellants  into  smoky,  reduced  smoke,  miniinum  smoke,  smokeless  related  to  classification 
of  propcMant  types,  i.e.  binder  and  fillers,  under  these  headings.  Whilst  valuable  in  qualitatively  slating  generally  observed 
principles  this  classification  is  too  imprecise  and  broad-brush  to  serve  as  a  meaningful  definition,  which  is  fundamental  to 
this  subject  area.  There  is  the  danger  of  a  proliferation  of  terminology  which  furthers  confusion  rather  than  clarity,  for 
example,  the  impit  cise  sub-division  of  “minimum  smoke"  and  ‘  smokeless”  where  the  latter  is  an  esoteric  ideal  of  no 
hydrogen  in  propellant  (because  of  the  special  case  of  potential  water  contrails  at  high  altitudes). 

The  evaluator  would  wish  to  sec  a  return  to  basics  centring  around  the  real  requirements  of  missile  systems  and 
guidance/signaiure  requirements  of  the  propulsion  plume.  From  tliis  a  quantitative  definition  of  a  smokeless  propellant 
would  be  one  that  gives  90%  or  more  transmission  of  an  incident  beam  wavelength  when  such  a  beam  is  directed  through  the 
axis  of  the  plume  or  at  a  narrow  angle  (c.g.  7')  to  the  plume.  Instrumented  measurements  of  rocket  motor  firings  along  these 
lines  have  been  in  practice  for  many  years  in  the  UK  and,  to  the  writer’s  knowledge,  in  France.  Such  a  plume  transparency 
property  implies  dilute  particulate  clouds  manifesting  single  particle  scattering  of  an  incident  beam.  In  flight,  therefore,  the 
plume  is  virtually  invisible  and  the  definition  of  visibility  may  be,  at  worst,  conveniently  circumvented.  Similarly  qiumtitative, 
instrumented  measurements  of  other  [dume  signature  and  transparency  features  at  ollie,  wavelengths  are  established 
practice  and  may  serve  for  definition  purposes. 

If  we  move  from  “smokeless”  to  the  so  called  ‘reduced  smoke”  terminology,  confusion  arises.  The  practitioners  in 
propellants  and  systems  in  this  area  have  not  defined  what  is  meant  by  reduced  smoke  or  by  how  much  the  “smoke”  has  to  be 


•  The  report  rejects  the  personal  opinion  of  the  author.  .Some  Members  of  the  Programme  Committee  do  not  always  concur  witli  the 
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reduced  to  qualify.  If  we  arc  to  be  persuaded  that  the  latter  has  relevance  to  the  conference  subject  area  then  a  visibility 
contrast  definition  is  clearly  required.  The  latter  has  to  be  in  the  context  of  external  ambient  light  with  cither  a  clear,  bright 
sky  with  direct  solar  radiation  or  a  dark,  cloudy  overcast  sky  in  conjunction  alternatively  with  a  bright  or  a  dark  background 
(land  or  sea).  Similarly,  transparency  definitions  of  a  “reduced  smoke"  cloud  are  required. 

In  this  clastic  area  of  reduced  smoke  definitions  and  the  work  tasks  involved,  the  evaluator  would  advise  careful 
consideration  to  the  foreseeable  and  more  difncult  task  of  defining  the  broad  band  of  the  unacceptable,  'fhis  is  pertinent 
since  the  term  “reduced  smoke"  has  arisen  because  of  the  attempts  to  a'^commodatc  halogens  —  particularly  ammonium 
perchlorate  —  into  the  subject  area  of  smokeless  propellants. 

■  Papers  Nos  2, 3  and  <1  by  Dr  Mace  and  Mr  Ajdari  reinforce  previous  disclosures.  Th-’-e  papers  give  «he  boundary 

j  conditions  for  formation  of  HCL  condensates  or  secondary  smoke  arising  from  AP.  Study  of  these  humidity  con  Jitions 

i  iiisviiably  leads  to  the  conclusion  that  service  deployment,  more  particularly  in  temperate  and  tropical  regions  (as  defined  in 

I  NATO  documents),  will  realise  these  boundary  conditions  on  the  vast  majority  of  occasions. 

i 

I  Thus  although  special  climatic  conditions  can  be  contrived  in  trials  to  avoid  or  minimise  condensates,  this  cannot 

'  disguise  the  fact  that  a  service  weapon  with  an  AP  propellant  will  give  highly  visible  and  opaque  secondary  smoke  plumes. 

'  This  is  the  case  with  modest  mass  fraction  of  AP  in  the  propellant.  Mr  Ajdari  presented  data  on  1 5%  AP  in  a  smokeless 

double  base  binder.  Dr  Mace  ga”c  data  on  the  riumfjcr  of  molecules  of  HCL  per  cubic  metre  of  gas  to  form  visible 
condensates. 

Moreover  there  is  a  farther  conclusive  feature  which  renders  “reduced  smoke"  AP  propellants  non-progredi  esi  regerdi 
in  this  conference  subject  area. 

Advances  in  smokeless  propellant  requirements  have,  as  a  concomitant,  secondary  flame  suppression  in  thr  phime. 

Missile  requirements  are  calling  for  and  will  increasingly  stress  “stealth"  features,  implying  low  signature  not  oriy  with 
respect  to  visible  smoke  but  visible  flame,  emission  radiance  through  the  infra-red  spectrum  and  radar  signai'.rc.  Missile 
guidance  requirements,  not  only  in  microwave  radar  frequencies  but  increasingly  with  lasers,  arc  impor'-.it.  All  these 
features  demand  cool  plumes  which  are  associated  with  secondary  flame  suppression.  Paper  No  1  (•  presented  by  G.I.Evans 
addrc.>S('.d  this  area  in  some  detail.  The  necessary  precursor  of  efficient  flame  suppression  is  a  .'.itokeless  or  minimum  smoke 
propellant  (or  rocket  motor).  Particulate  smoke  re  uices  the  efficiency  of  potassium  salt  suppiession,  resulting  in  the  vicious 
circle  of  increased  potassium  salt  and  increasing  „ut;t.>sium  smoke  penalty.  More  importantly,  the  HCL  from  AP,  even  in 
modest  proportions,  prevents  the  mechanisni  ■  r''!''»ssium  salt  flame  suppression  by  formation  of  the  stable  KCL. 

The  aforementioned  has  dealt  at  snui.'  Ici.gth  on  the  subject  of  a  quantitative  definition  of  smokeless  propellant  and  on 
AP  “rc(luced  smoke”  propellants.  It  is  imnortant  to  relate  the  relevance  of  the  latter  to  smokeless  and  plume  properties  which 
are  the  subject  of  the  conferene-'  ‘.mu  bsi  of  the  papes  including  some  with  propellant  formulation  developments, 
involved  continuing  use  of  AP.  In  tne  light  of  the  Oslo  .‘53rd  PEP  reported  findings  the  evaluator  fell  it  may  be  useful  to  lay 
the  emphasis  given  in  the  forcgoii'g. 

Moving  to  the  area  of  smokeless  propellants,  defined  on  the  quantitative  lines  suggested  previously  (or,  if  preferred,  the  i 

more  imprecise  “minimum  smoke"),  a  substantia:  >>";„'c->r  of  papers  were  of  importance.  It  is  noteworthy  that  all  such 
propellants  showed  a  convergence  on  and  heavy  dependcncv  on  the  nitramine  crystalline  f.llcrs  RDX  and  HMX.  These 
perforce  lead  to  departure  from  the  classical  composite  propellant  binders  towards  energetic  binders.  The  latter  fell  into  two 
groups: 

(i)  An  inert  elastomer  with  energetic  plasticisers  of  nitric  esters,  most  typically  nitroglycerine,  and 

(ii)  The  classical  double  base  nitrocellulose-nitroglycerine  binders. 

1  he  EMCDB  class  of  propellants  given  in  paper  No  1 3  by  G.I.Evans  is  a  hybrid  of  these  two  groups. 

The  above  two  groups  of  propellant  lead  to  three  critical  features  in  the  field  of  tactical  service  use;— 

1 .  Ballisiirs.  The  first  group  of  propellants,  essentially  the  slurry  cast  mix  or  nitramile  G  arc  dominated  by  the  energetic 
I  binder/nitramine  filler  propensity  for  high  temperature  coefficient  of  burning  rate,  high  pressure  exponent  and  the  limitation 

on  burning  rate  range,  notably  restrictions  in  the  boost  region.  The  limitations  on  burning  rate  and  temperature  coefficient  of 
rate  are  serious  constraints  on  their  applicability  in  tactical  missile  requirements.  Paper  No  5  by  Mr  Couturier  and  Paper  No 
8  by  Mr  Lengclic  were  erudite  in  presenting  this  aspect.  These  papers  showed,  with  this  group  of  propellants,  the  current 
inability  to  achieve  burning  rate  catalysis  and  platonisation  (to  obtain  temperature  coefficient  effects).  The  papers  S  and  8 
showed  HMX  fillet  is  not  conducive  to  burning  rate  modulation  as  is  possible  by  AP  size  variation. 

The  reasons  ar-e  not  hard  to  envisage.  The  evidence  for  catalysis  and  platonisation  of  energetic  binder  propellants  is 
accompanied  by  formation  of  carbon  fibrils  at  the  burning  surface  during  rate  catalysis,  followed  by  progressive  depletion 
and  disappearance  of  the  carbon  fibrils  and  catalysis  at  higher  pressure  regions,  the  latter  resulting  in  a  plateau  effect.  This 
phenomenon  has  only  been  seen  in  the  group  (ii)  binders  based  on  NC/NG.  The  presence  of  nitrocellulose  is  the  key. 

Following  ruptuir  of  the  CO— NOj  bond  the  catalysts  appear  to  promote  dehydrogenation  of  the  cellulose  to  carbon  fibrils. 

The  molecular  s'nicture  of  the  cellulose  is  obviously  important  but  the  morphology  of  the  naturally  occurring  cotton  fibre 
may  also  be  impo:  tant. 
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With  regard  to  group  (ii)  nitrocellulose  double  base  propellants  and  its  derivatives,  the  conference  papers  showed 
significant  advances  made  in  such  burning  rate  catalysts.  This  is  evident  in  paper  No  5  by  Mr  Couturier,  paper  No  6  by  Mr 
E.Baker,  papers  !  3  and  1 6  Mr  G.I.Evans  and  paper  No  1 7  by  Dr  I.Duncan.  These  papers  showed  advances  in  catalysis, 
platonisation  and  temperature  coefficients  for  tactical  systems.  These  effects  arc  now  achieved  with  RDX/HMX  levels  up  to 
40%  in  energetic  binders  with  specific  impulse  up  to  2450  NsAg  over  a  wide  range  of  boost/sustain  burning  rates.  It  has  to 
be  said  that  such  advances  are  made  by  empirical  and  experimental  means  relying  on  experience  and  innovative  flair.  No 
definitive  understanding  of  the  basic  chemical  reaction  mechanism  exists  to  give  a  predictive  means  to  design  and  guide 
propellants  advances. 

Accordingly,  to  enhance  the  utility  of  the  group  (i)  propellants  for  tactical  missiles,  either  the  introduction  of  sufficient 
amounts  of  such  nitrocellulose  or  an  equivalent  alternative  ingredient  to  promote  such  active  carbon  fibril  formation  appears 
desirable.  There  is  evidently  a  great  need  for  fundamental  studies  of  the  ricchanisms  of  burning  rate  catalysis  and 
platonisation.  Only  one  paper  in  the  conference  was  devoted  to  this  basi',  study,  that  is  p  aper  No  20  by  Mr  Trubert  of 
ONERA.  This  work  examined  the  combustion  regions  of  interest  by  a  'cchnique  of  linet. pyrolysis  of  double  base 
propellants  under  vacuum  using  radiant  heat  source.  The  reaction  products  were  mcasu  red.  The  paper  does  not  elucidate  the 
basic  reaction  mechanism  of  catalysis/platonisation  but  its  conclusion  docs  identify  that  c.atalysis  occurs  in  the  primary  flame 
(presumably  the  fizz  zone)  and  .not  in  the  secondary  flame.  This  conclusion  correlates  with  the  aforementioned  observation 
of  the  importance  of  the  carbon  fibrils  at  the  combustion  surface  (i.c,  the  condensed  pbasc/fizz  zone  region).  The  evaluator 
would  add,  however,  that  the  secondary  flemc  is  important  to  the  overall  effect.  At  high  pressures  the  secondary  combustion 
flame  moves  progressively  closer  to  the  propellant  surface  from  expcnmental  observations.  The  resulting  increased  heat 
transfer  rate  to  the  surface  would  result  in  increased  reaction  rate  of  the  carbon  fibriis.  The  rapidity  of  removal  of  the  latter 
would  result  in  cessation  of  catalysis.  In  that  event  the  propellant  combustion  rate  would  return  progressively  to  that  of  the 
basic  propellant  at  the  high  pressure  i.c.  the  plateau  or  mesa  effect. 

Whilst  the  group  (!)  propellants  arc  currently  deficient  in  the  means  of  catalysis  inherent  in  the  double  base  group  (ii) 
they  have  the  advantage  of  superior  mechanical  properties,  particularly  low  Icmpcrature  strain  capability.  Conversely,  the 
double  base  propellants  have  poor  low  temperature  strain  capability  and  high  brittle  points  (*-20  to  -30'C)  which  constrain 
their  use  in  case  bond  motors.  The  EMCDB  class  in  paper  No  13  is  a  hybrid  to  achieve  the  mechanical  properties  of  group 
(i)  whilst,  retaining  the  minimum  of  nitrocellulose  (12%)  required  to  achieve  catalysis/platonisation. 

Paper  No  1  by  Dr  R.L.Dcrr  was  the  only  conference  paper  devoted  to  Hazard  Cliissification.  Tltis  subject  area  will 
dominate  the  field  of  smokeless  propellants  and  its  advances  in  the  future.  The  importance  is  accentuated  by  the  increasing 
demands  of  the  NATO  service  users  for  insensitive  munitions.  The  munitions  arc  required  to  give  a  low  order  response  of 
controlled  burning  rather  than  violent  explosive  pressure  bursts  or  detonation  under  specified  types  of  thermo-mechanical 
attack.  I'lic  latter  arc  defined  attacks  of  cook-off  (eg  fuel  fire),  bullet  and  fragment  attack  tind  sympathetic  detonation.  Thus 
the  work  to  minimise  the  energy  penalty  inherent  in  smokclc.ss  propellants,  versus  the  traditional  aluminised  propellants  has 
to  take  account  of  the  defined  cunsiraints  of  acceptable  insensitive  munitions. 

The  N  ATA  STAN  AG  4170  attempted  to  correlate  universal  criteria  and  methodology  of  hazard  classifications.  Each 
national  authority,  within  this,  develops  its  own  interpretation  and  application,  (for  example  in  the  UK  in  Oil  Proc  4 1779). 
Also  the  STANAO,  ambitiously,  has  embraced  all  explosives  (HE,  pyrotechnics,  gun  propellants  and  rocket  propellants) 
under  one  umbrella.  Confusion  and  imprecision  of  significant  impact  to  the  direction  of  the  field  of  smokeless  propellants 
has  arisen  and  is  evident  in  this  conference. 

Ill  paper  No  1  Mr  Derr  expressed  the  US  Navy  view  that  “reduced  smoke"  propellants  are  not  mass  delonaiable  ( 1 .3 
class)  but  that  “minimum  smoke"  propellants  are  mass  detonaiable  (I .  I  class).  It  is  not  clear  to  the  writer  the  extent  to  which 
the  US  view  is  as  sharp  and  immutable  as  that  quoted,  but  it  is  likely  to  be  regarded  elsewhere  as  loo  broad-brush.  Significant 
work  on  rocket  motors  in  the  UK  using  bullct/fragmcnl/sympaihciir  detonation  trials  have  shown  instances  of  designs  with 
composite  HTPB  propellants  giving  violent  responses  not  complying  with  the  definition  of  an  insensitive  munition  given  in 
US  Navy  specifications.  Whereas  by  contrast,  certain  RDX  filled  "minimum  smoke”  propellants  under  such  attack  do 
comply.  Moreover  to  further  illustrate  the  terminological  confusion  that  can  arise  in  this  field  the  UK  authorities  recently 
under  STAN  AG  4170  methodology  have  classified  as  1 .3  an  RDX  filled  EMCDB  smokeless  propellant  for  service  use. 
Other  examples  in  both  France  and  UK  have  classified  smokeless  propellants  of  the  type  classical  CDB,  epictete,  RDX  filled 
CDB,  nitratniie  E  and  RDX  filled  EMCDB  as  1.3  (i.c.  .not  mass  detonation  risk). 

The  common  ground  may  be  in  thresholds  of  RDX/HMX  filler  loading  level,  perhaps  40%  in  some  systems  and  that 
the  threshold  may  be  dependent  on  the  particular  binder  rheological  properties.  To  further  illustrate  these  considerations, 
the  importance  of  the  differences  between  the  Group  (i)  propellants  (slurry  east,  nitramite  G  etc)  which  feature  large!"  in  the 
US  smokeless  propellant  field  and  Group  (ii)  and  EMCDB  which  are  noteworthy:— 

(a)  Colloidal  Aspects  of  Binder 

The  group  (i)  propellants  have  little  (<  2%)  or  no  nitrocellulose.  Where  used  it  variously  lakes  the  form  of  ball 
powder,  flakes  or  NC  lacquer  solutions.  Group  (ii)  have  high  nitrocellulose  content  c.g.  even  the  filled  EMCDB 
has  1 2  to  1 6%.  Moreover  the  NC  is  in  the  form  of  a  gelatinised  fibre  based  c.n  the  morphology  of  the  naturally 
occurring  cotton  fibre. 
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(b)  RDX/HMX  Encapsulation 


In  the  case  of  the  group  (ii)  propellants  the  RDX  is  encapsulated  in  yet  higher  nitrocellulose,  highly  viscous  doughs 
during  the  intermediate  powder  granule  manufacture.  In  the  group  (i)  case  the  RDX  is  suspended  in  a  highly 
plasticised  elastomeric  gel. 

The  use  of  resin  coated  RDX/HMX  to  enhance  fliler/binder  adhesion  and  nitramine  particle  size  may  also  be 
important. 

The  above  (a),  (b)  rheological  features  can  be  important  to  the  response  under  the  instantaneous  shock  load  of  thermo¬ 
mechanical  attack. 

The  eva'.tatcr  has  dealt  at  some  length  on  the  hazard  classirtcation  because  as  Dr  Derr's  message tees  clear,  it  will 
dominate  this  field  and  should  determine  the  direction  of  further  work.  No  other  paper  specifically  sder  .ssed  this  relevant 
subject.  The  timely  initiative  of  paper  No  I  would  suggest  a  specialist  conference  be  planned  on  this  specific  subject.  It  would 
cover  exchange  of  test  results,  test  methods  and  the  influence  of  formulatory  (chemical  and  physical)  aspects  on  results.  In 
addition  the  application  of  STANAG  4 1 70  laboratory  methology  to  specifically  rocket  solid  propellants  should  be  covered. 
The  correlation  or  relevance  of  these  to  real  thermo-mechanical  tests  specified  in  missile  requirements  and  US  Military 
Standards  is  importan  t  'r  example  the  relevance  of  the  sharp  and  arbitrary  sentencing  threshold  of  the  card-gap  test,  which 
is  central  to  some  estat  i'*-  .Ttents  classification  theology.  Importantly  the  now  well  known  influence  of  motor  design  aspects 
to  the  acceptability,  hf-nce  classification  of  propellants  under  thermo-mechanical  attack,  should  be  on  the  agenda. 

There  is  a  danger  that  advanced,  exploratory  work  of  the  kind  presented  by  Mr  T.Boggs  (NWC)  in  paper  No  1 1  can  be 
prejudiced  and  influenced  by  erroneous  or  imperfect  prognostications  or  tests  for  the  threshold  of  propellant  acceptability. 
The  latter  can  be  influenced  by  motor  design  and  also  by  formulatory  rheology  and  methodology  of  testing. 

Paper  No  1 1  by  Mr  T.Boggs  was  of  particular  interest  in  its  approach  to  finding  an  alternative  filler  to  RDX  or  HMX 
but  hopefully  of  less  hazard  sensitivity.  Using  elemental  chemistry  and  molecular  arbital  calculations  for  heat  of  formation,  a 
theoretical  compound  DNDFP  (dinitro  difluorozano  piperazine)  promises  increased  energy/density  compared  to  the 
nitramincs.  This  compound  does  not  exist  (tut  attempts  are  currently  under  way  to  synthesise  it.  Following  this,  setisitivity 
tests  will  be  undertaken.  However,  the  compound  contains  a  significant  amount  of  the  halogen  fluorine  and  hence  HP  in  the 
plume  with  consequent  secondary  smoke.  At  the  conference  Or  Roberto  (AFRPI )  and  Dr  Mace  (Westcott  UK)  confirmed 
that  their  modelling  of  the  boundary  conditions  reveals  HF  is  essentially  the  sam  ■  as  HCL  from  AP  in  its  secondary  smoke 
behaviour.  HF  will  also  prevent  secondary  flame  suppression  by  potassium  salts.  Accordingly,  DNDFP  is  unlikely  to  be 
central  to  future  smokeless  propellants.  The  approach  given  by  MrT.Boggs  may  allow  exploration  of  other  possible  non¬ 
halogen  alternatives  for  the  nitrantines. 

Paper  No  1 8  by  Mr  I.Constantinou  describes  an  interesting  technique  of  flash  x-rays  of  full  scale  motors  to  monitor 
burning  rate  in  erosive  burning  studies.  The  publication  of  the  paper  will  be  of  interest  to  rocket  designers  to  assess  whether 
flash  x-rays  can  be  used  as  a  diagnostic  tool  to  study  motor  design  performance. 

Paper  No  1 0  by  Professor  De  Luca  gave  an  erudite  presentation  of  the  development  of  a  combustion  model  for 
catalysed  double  base  propellant.  However,  catalysed  double  base  combustion  is  a  much  more  complex  challenge  than 
modelling  composite  propellants.  For  a  given  double  base  propellant  the  addition  of  various  metal  salt  catalysts  markedly 
changes  combustion  rate  over  a  wide  range  e.g.  from  3  to  5  mm/s  to  30—40  mm/s  with  accompanying  plateau/mesa  effects. 
Basic  chemistry  studies  and  understanding  of  the  catalysis  mechanism  and  reactions  are  needed  first.  The  absence  of  this  will 
severely  constrain  the  success  of  a  predictive  model  for  the  combustion  of  caulyscd  double  base  propellant. 

Papers  1 9  and  ?.  1  are  pertinent  to  smokeless  propellants  in  their  study  of  paniculate  properties.  Paper  No  1 9  by 
Dr  Netzer  studied  particle  properties  in  the  grain  port  and  nozzle  region.  The  means  used  or  proposed  consisted  of  high 
speed  cine,  light  scattering  optical  properties  of  the  particles,  holography  and  sampling.  The  paper  dealt  with  aluminium/ 
aluminium  oxide  particles  which  are  not  directly  relevant  to  “minimum  smoke”  propellants.  However,  the  extension  of  these 
techniques  and  the  potential  data  for  acoustic  combustion  instability  additives  and  condensed  phase  potassium  species  in 
smokeless  propellants  would  be  veo'  valuable. 

Paper  No  2 1  by  Mr  Beckstead  dealt  with  “distributed  combustion”  of  particles  commonly  used  in  some  areas  for 
acoustic  instability  suppression.  The  particles  studied  were  aluminium  and  zirconium  carbide.  The  paper  showed  that  the 
apparent  divergence  of  experimental  data  from  the  particulate  damping  theory  based  on  Processor  Culick’s  work,  is 
explained  by  the  gas  phase  burning  of  these  particles.  A  paper  presented  at  the  53rd  PEP  Meeting  in  Oslo  described  the  use 
of  particles  chosen  to  be  both  refractory  and  chemically  inert  in  the  gas  stream.  The  objective  was  to  obtain  the  most  efficient 
dampening  by  tuning  the  particle  sizc/density  function  to  the  acoustic  frequency  in  accordance  with  Culick’s  theory.  Thus  the 
mass  fractio.’i  of  particles  is  at  the  most  efficient  minit.ium  desirable  for  low  smoke  purposes.  In  addition  the  size  element  in 
the  size/density  function  was  adjusted  to  avoid  the  peak  in  the  ligltt  scattering  coefficient  of  the  particulate  cloud.  Aluminium 
and  zirconium  carbide  were  shown  to  be  not  the  best  material  for  this  purpose. 

Mr  Beckstead’s  paper  showed  aluminium  is  not  a  refractory  or  inert  and  ZrC  is  not  inert.  Therefore,  control  of  particle 
properties  is  not  possible  to  correlate  with  theory  or  the  most  efficient  dampening.  Moreover,  as  Mr  Beckstead  showed,  the 
heat  of  reaction  of  the  burning  particles  can  add  to  the  acoustic  gain  of  the  oscillations.  This  further  reduces  the  efficiency  of 
such  particles.  For  smokeless  propellants  using  the  minimum  mass  fractior  of  particles,  of  given  size,  this  paper 


reinforces  the  need  to  choose  particles  for  refractory  and  chemical  inertness  in  the  combustion  chamber. 


Proposals  for  Future  Work 

The  evaluator  suggests  5  points  for  attention;— 

(1)  An  agreed  quantitative  and  instrumented  measure  should  be  agreed,  universally  applicable  in  the  AGARD 
community  as  a  definition  of  smokeless  propellants. 

(2)  In  the  field  of  smokeless  propellants,  the  emphasis  should  be  broadened  beyond  visible  smoke  to  other 
wavelengths  in  signature  and  transparency,  with  quantitative,  instrumented  measures  for  definition. 

(3)  Fundamental  studies  of  burning  rate  catalysis  and  platonisation  reaction  chemistry  arc  required  in  double  base 
propellants  to  enable  o''  guide  similar  effects  in  other  energetic  binder  smokeless  propellants. 

(4)  Hazard  classification  studies  need  to  be  increased  in  priority  and  collaboration  within  AGARD.  A  specialist 
conference  is  suggested  to  cover  test  results,  methods,  formulation  effects  on  threshold  sensitivity,  STAN  AG  4170 
.review  of  test  methods  and  their  correlation  with  real  missile  thermo-mechanical  attack,  and  the  influence  of 
motor  design  on  propellant  response. 

(5)  Considerable  scope  for  improvement  of  elastomeric  binders  in  smokeless  propellants  exists.  Such  improvements 
will  not  only  improve  the  mechanical  properties  of  current  smokeless  propellants,  but  more  importantly  can  have  a 
bearing  on  advances  in  points  3  and  4  above. 

Finally  the  writer  would  like  to  thank  all  participants  and  authors  for  their  forcbcaranec  and  the  privilege  of 
commenting  on  the  theme  of  the  many  excellent  papers.  Because  of  the  classified  nature  of  the  papers  and  the  AGARD 
proceedings  administrative  deadline,  the  author  has  not  seen  copies  of  the  classified  papers.  The  above  comments  are  based 
on  the  verbal  presentation  at  the  conference.  Therefore  the  evaluator  apologises  if  any  important  aspects  or  emphasis  has 
been  omitted  from  any  of  the  papers. 
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SMOKELESS  PROPELLANTS  OF 
IMPROVED  PERFORMANCE 

E  A  Baker 

ROYAL  ORDNANCE  PLC 
Research  and  Development  Centre 
Sewardstone  Road 
Waltham  Abbey 
Essex  ENd  lAY 
England 


For  double-base  propellants  the  high  density  of  nitramines  compared  with  nitrocel¬ 
lulose/nitroglycerine  matrices  of  equivalent  energy  levels  is  particularly  at*  active 
where  propellant  energy  levels  or  charge  volumes  are  restrictive. 

The  inclusion  of  nitramines  generally  reduced  plateau  burning  rates  and  impairs 
plateau  quality,  but  RDX-filled  extruded  propellants  with  good  plateau  ballistics  and  low 
temperature  dependence,  suitable  for  boost  applications  have  been  developed.  Nr  departure 
from  conventional  EDB  processing  is  involved. 


1 .  INTRODUCTION 

l.t  Nitramines,  RDX  and  HMX,  are  dense,  energetic,  and  chemically  stable.  They  are 
compatible  with  nitrocellulose  and  nitroglycerine  and  will  not  increase  smoke  to  any 
significant  extent.  These  properties  make  them  attractive  as  additions  to  existing  double¬ 
base  propellants. 

Both  in  density  and  calorimetric  value  RDX  offers  advantages  over  the  whole  range  of 
nitrocellullose/nitroglycerine  paste  ratios  used  in  typical  unfilled  UK  extruded  propel¬ 
lants; 


Propellant 

NC/NG 

Ratio 

Density 

(P) 

kg/litre 

Calorimetric 

Value 

kJ/kg 

Product 

P  X  CV 
(units) 

(i) 

52/48 

1641 

5500 

9025 

(il) 

56/44 

1643 

5360 

8805 

(iii) 

58/42 

1644 

5290 

8700 

(iv) 

61/39 

1645 

5180 

8521 

(V) 

65/35 

1647 

5040 

8300 

RDX 

- 

1800 

5690 

10240 

Whilst  potential  gains  appear  to  be  small  where  nitrocollulose/nitroglycerine  ratios 
are  low,  useful  Improvements  have  been  achieved  even  at  those  levels  by  other  adjust;. ents 
to  formulations. 

1.2  Double  base  propellants  containing  up  to  20  per  cent  of  an  inert  solid  ingredient, 
with  physical  properties  suitable  for  large  extruded  grains  were  made  in  the  UK  in  the 
19S0's.  The  propellants  could  Le  processed  successfully  by  the  standard  UK  methods, 
including  even  speed  rolling.  Inert  loadings  up  to  30  per  cent  were  processed  in  small 
experimental  lots.  This  experience  was  the  basis  for  the  decision  to  investigate  RDX 
levels  of  up  to  25  per  cent.  At  this  loading,  improvements  of  from  10  to  25  per  cent  in 
density  impulse  wore  predicted. 

1.3  The  adverse  effects  of  RDX  on  plateau  ballistics  using  a  wider  range  of  ballistic 
modifiers  was  accepted  at  the  start  of  the  programme.  Thus  no  efforts  were  made  to  achieve 
the  fastest  burning  rates.  Ballistic  modifier  combinations  capable  of  retaining  good 
plateaux  or  mesas  over  a  wide  range  of  energies  with  up  to  25  per  cent  RDX  have  been 
identified.  Formulations  with  plateau  rates  from  3  mm/s  to  28  mro/s  have  been  developed 
and  their  suitability  for  conventional  production  demonstrated.  The  energy  levels  and 
ballistics  are  suitable  for  boost,  sustain  and  power  cartridge  operations, 

1.4  Retention  of  good  plateau  ballistics  in  RDX  filled  propellants  to  'ihich  flash 
suppression  salts  have  been  added  has  also  been  achieved.  Standard  solv  tless  processing 
is  used. 

2.  CHOICE  OF  NITRAMINE 

Both  HMX  and  RDX  are  readily  available  through  their  use  as  explosives.  Although  HMX 
has  the  higher  density  this  advantage  is  partially  offset  by  its  slightly  lower  calori¬ 
metric  value.  Limited  work  in  double-base  systems  indicated  generally  similar  ballistic 
behaviour.  Since  HMX  is  appreciably  more  costly,  full  propellant  development  has  been 
restricted  to  RDX. 


3. 


SAFETY 


Considerable  data  from  small  scale  tests  exists  to  indicate  that  RDX  is  less  friction 
and  impact  sensitive  than  the  other  major  ingredients,  nitrocellulose  (if  dry)  and  nitro¬ 
glycerine.  Early  experiments  confirmed  that  the  nitramine  can  be  introduced  into  the 
process  in  water  wet  form  with  no  adverse  impact  on  propellant  properties. 

UK  processing  includes  rolling  dry  paste  on  even  speed  rolls  and  the  possibility  of 
a  violent  incident,  rather  than  a  fire,  at  this  stage  was  considered  to  be  the  major  rislt. 
Experiments  demonstrated  that  the  depth  of  P,DX  filled  (25%)  paste  necessary  for 
•detonation'  comfortably  exceeded  that  lilcely  to  occur  in  propellant  processing  and  also 
that  required  for  an  unfilled  formulation  of  similar  energy  which  has  been  in  regular 
production  for  many  years.  Rolling  machines  are  already  equipped  with  fast  acting 
drenching  units  and  no  additional  precautions  are  considered  necessary  for  current 
nitramine  levels.  There  is  no  evidence  of  an  increased  incident  of  fires  at  the  rolling 
stage  or  in  machining. 

4 .  FORMULATION  STUDIES 

4.1  Boost  Propellants 

4.1.1  Initial  studies  were  designed  to  produce  propellants  burning  between  20  and  30  rom/s 
suitable  for  boost  motor  applications.  Two  ballistic  modifier  combinations  known  to  give 
plateau  burning  rates  in  excess  of  25  i.im/s  were  selected  for  study.  The  first,  a  mixture 
of  lead  amd  copper  compounds  yielded  a  range  of  useful  propellants  with  plateaus  rates 

of  about  30  rom/s.  Control  of  burning  rate  levels  is  achieved  by  adjustment  of  carbon 
black  loadings.  Properties  of  a  typical  composition  are  shown  In  Figure  1  (EB1). 

4.1.2  The  second  combination  of  modifiers  has  given  plateau  burning  rates  at  22  mm/s  or 
less  over  a  wide  range  of  energy  levels.  Burning  rates  can  be  controlled  by  simple 
adjustment  to  the  ratio  of  the  two  modifiers.  Properties  of  two  formulations,  are 
summarised  in  Figure  1  (EB2)  and  Figure  2  (EB3). 

With  EB2  increases  of  9-10  per  cent  in  impulse  have  been  confirmed  in  large  diameter 
boost  motors  with  retention  of  low  temperature  coefficients.  Burning  rates  can  be 
tailored  to  deliver  the  additional  energy  over  longer  burning  times,  permitting  mid-term 
improvements  with  minimum  impact  on  other  design  aspects. 

Burning  rate  curves  for  EB3  illustrate  the  very  extended  plateau  pressure  ranges 
associated  with  nitramine  filled  propellants  using  this  combination  of  ballistic 
modifiers.  The  formulation  can  contain  up  to  2  per  cent  of  a  flash  suppression  salt  with 
no  impairment  of  plateau  ballistic  yielding  low  temperature  coefficients  (sp/r)  over  a 
wide  pressure  range.  Low  temperature  dependence  has  been  confirmed  in  motor  firings  with 
up  to  10  second  burn  times. 

4.2  Slow  Burning  Propellants 

Plateau  burning  rates  of  less  than  5  mro/s  at  energy  levels  required  for  sustain 
apolications  are  difficult  to  achieve  in  unfilled  compositions,  A  careful  study  of  matrix 
(unmodified)  propellant  burning  rates  indicated  that  some  advantages  could  be  gained  by 
inclusion  of  RDX,  In  these  studies  nitramine  is  used  to  achieve  slower  burning  rates 
rather  than  to  enhance  energy  output.  A  ballistic  modifier  combination  tolerant  of  RDX 
addition  has  been  identified.  Properties  of  a  typical  formulation  in  this  series  are 
summarised  in  Figure  2  (EB4).  Plateau  burning  rates  down  to  3  mm/s  have  been  demonstrated 
in  small  experinental  lots. 

5.  GENERAL  PROPELLANT  PROPERTIES 

Ballistic  modifier  systems  chosen  for  use  in  nitramine  propellants  are  well 
established  by  use  in  unfilled  propellant  motors  in  service.  Trials  at  elevated 
temperatures  up  to  80  “’C  confirm  that  the  ballistic  and  chemical  stability  of  the  nitramine 
filled  propellants  are  as  good  as  equivalent  unfilled  formulations. 

No  unusual  problems  have  been  encountered  in  bonding  Inhibitors,  including  ethyl 
cellulose,  to  nitramine  propellants.  Inhibited  charges  have  been  successully  fired  after 
temperature  cycling. 

The  introduction  of  nitramine  is  in  most  cases  accompanied  by  changes  in  nitrocel¬ 
lulose/plasticiser  ratio.  Thus  the  physical  properties,  including  tensile  strength  and 
elongation  are  very  similar  to  those  of  the  range  of  existing  UK  unfilled  propellants. 

Motors  have  been  fired  successfully  after  cycled  temperature  storage  and  vibration 
f  ests, 

6.  CONCLUSIONS 

Improvements  in  performance  (density  x  impulse)  can  be  achieved  in  extruded  double¬ 
base  propellants  by  addition  of  nitramines.  Ballistic  modifier  combinations  which  permit 
retention  of  good  plateau  ballistics  over  the  burning  rate  range  (3-30  mm/s)  have  been 
identified. 

The  propellants  can  be  safely  processed  using  standard  UK  manufacturing  techniques. 


EB2 

EB1 

Calorimetric  Value 

(kJ/kg)  - - 

5219 

5200 

n* 

1514 

1500 

S.I.  (Ns/Kg)  . . 

2437 

2400 

Density  (Kg/iitre) - 

1712 

1685 

Chamber  Flame 

Temperature  (“K) - 

3130 

3100 

Temperature  Coefficient 

AK  (%  per°C) _ 

<0.1 

<0.15 

EB3 


EB4 


Calorimetric  Value 

c* . . 

S.I.  (Ns/Kg) - - 

Density  (Kg/lltre) . 

Chamber  Flame 

Temperature  (“K) _ _ 

Temperature  Coefficient 
AK  (%  per°C) _ _ 


4300 

4120, 

1460 

1440 

2308 

2280 

1661 

1620 

2738 

- 

<0.15 

<0.25 
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DISCUSSION 


C.Brongniart,  FR 

You  described  the  critical  height  of  the  RDX  propellant  as  higher  than  that  of  the  non-RDX  propellant.  Critical  height 
is  a  concept  normally  applied  to  granular,  powder  propellant.  Can  you  describe  what  you  mean  in  your  context? 

Author’s  Reply 

In  this  context,  by  critical  height  is  meant  the  minimum  depth  of  propellant  paste  at  which  an  ignition  will  lead  to 
burning  to  detonation.  The  tests  showed  that  the  paste  in  question,  with  2S%  RDX,  had  a  critical  height  or  depth  greater 
than  would  occur  in  practice  in  this  rolling  process. 
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L'Stude  de  la  combustion  dea  pcopecgola  solldes  A  base  d'octogAne  et  de 
liant  "Energ£tlque"  a  porcS  sur  I'lnvestigaclon  de  I'octogSne  et  du  llant  en 
combustion  autonome  et  de  leur  combinalson  en  propergols. 

-  Le  comportemenc  en  phase  condensfe  des  composants  a  £t£  £cudi£  au  moyen 
d'essais  d'allumage,  de  thermogravlmbcrle,  d'analysn  thermique  dlff£rentielle 
et  par  des  relevAs  de  pcofila  de  tempSrature  (microthermocouples),  complStSs 
par  une  analyse  des  gaz  Issus  de  la  phase  condensle.  On  en  dSduit,  en  partl- 
culier  pour  I'octogJne,  la  lol  de  pyrolyse  (Tsurface)  et  I'Snergle  dSgagSe 
A  la  surface, 

-  A  crAs  basse  presslon,  I’occogAne  donne  lieu  A  une  flamme  StagSe  similaire  A 
celle  des  propergols  homogAnes.  Au-delA  d'environ  10  bars,  les  cAactions  se 
confondent  en  une  flamme  unique  prAmSlangAe.  En  consCquence,  la  loi  Ve  (p) 
esc  quasl-llnAaire, 

-  Le  comporteme-^C  du  liant  eat  proche  de  celui  des  propergols  homogAnes  (flamme 
AtagAe  ec  forte  sensibllitA  de  la  Vitesse  de  combustion  A  la  presslon).  Les 
comblnaisons  d'additifs,  efflcaces  pour  les  propergols  homogAnes,  ont  cependant 
des  efface  molns  ImporCants.  La  trame  carbonAe  de  la  surface  est  ausst  molns 
importance. 

-  La  Vitesse  de  combustion  du  propergol  est  une  pondAration  des  vitesses  de 
cheque  conscituant,  sans  Interaetlon  entre  la  flamme  de  I'octogAne  et  celle  du 
liant  (ainsl,  la  granulomAcrle  de  I'octogAne  est  sans  influence).  Les  effets  de 
survlcesse  sonc  falbles  et  sans  grande  posslbllltA  de  modulation.  L' intro¬ 
duction  de  falbles  quantitAs  de  perchlorate  d'ammonium  permet  cetCe  modulation 
par  la  prAsence  de  flammes  d'lnteraction  P.A. -liant.  L'actlon  esc  en  consA- 
quence  llAe  A  la  granulomAcrle  du  P.A. 


Susnary 


The  investigation  of  the  combustion  of  solid  propellants  based  on 
H.M.X.  and  an  “energetic"  binder  has  been  carried  out  through  the  study  of  H.M.X. 
and  the  energetic  binder  in  self-burning,  as  well  as  that  of  their  combination  in 
propellants. 

-  The  condensed  phase  behavior  of  the  components  has  been  looked  into  by  means  of 
themogravlmetrlc  analysis,  differential  scanning  calorimetry,  ignition  and 
temperature  (mlcrothermocouples)  profile  measurements,  as  veil  as  sampling  and 
analysis  of  tne  gases  produced  from  the  condensed  phase.  In  particular  for 
H.M.X. ,  the  rt  (Ts)  lav  and  the  eneigy  evolved  at  the  surface  can  be 
deduced. 

-  At  very  lov  pressure,  H.M.X.  sustains  a  staged  flame,  much  like  that  of  homo¬ 
geneous  propellants.  Above  about  10  atm.,  the  reactions  merge  Into  a  single 
premlxed  flame.  The  rb  (p)  lav  thus  becomes  nearly  linear. 

-  The  behavior  of  the  binder  Is  close  to  that  of  homogeneous  propellant i  (staged 
flame  and  high  sensitivity  of  the  burning  rate  to  pressurr).  Additives,  knovn 
to  bo  efficient  In  homogeneous  propellants,  are  hovever  lees  active,  llie  carbon 
residue  on  the  surface  Is  also  less  abundant. 

-  The  burning  rate  of  the  propellant  Is  a  compromise  betveen  the  rates  of  the 
components,  vithout  interaction  betveen  the  H.M.X.  flame  and  that  of  the  binder 
(thus  the  H.M.X.  particle  size  has  no  Influence).  The  super-rate  effects  are 
moderate  and  vithout  much  possibility  of  modulation.  The  Introduction  of  small 
quantities  of  ammonium  perchlorate  sllova  such  a  modulation  due  to  the 
A. F. -binder  Interaction  flames.  The  activity  of  the  A.P.  is  then  related  to  its 
particle  size. 


*  Travaux  oenAs  sous  contrat  de  la  Direction  des  Recherches,  Etudes  et  Techniques 
(DRET),  de  la  DllAgatlon  GAnAralt  A  I'Armement  (DGA),  et  en  Atroite  collabo¬ 
ration  avec  la  SociAtA  Nationale  des  Foudres  et  Explosifs  (SMFE)  et  I'Ecole 
Nationale  SupArieure  des  Techniques  AvancAes  (ENSTA).  . 
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1  -  INTRODUCTION 


Les  propergols  solldes  font  I'objet  d'une  Evolution  raplde  ItSe  i  la  nScesaitg  it  satisfalro 
des  carac.t£rl8tlque8  recherch£es.  Dans  le  donaine  des  englns  tacclques,  I'absence  da  {uaSes  <n  est  ui-.c< 
La  figure  1  rEsune  le8  qualltSs  des  dtffSrents  types'  de  propergols  axls'tants  ou  en  couro  de  dfwelcp- 
pemenc- 


Les  propergols  homogSnes  3  base  de  nitrocellulose  at  de  nitroglycerine  sent  sane  fuajes,  aals 
possddent  des  qualitSs  SnergStiques  liaitees. 

Les  propergols  composites  perchlorate  d'anoonluo  (P.A.}-llsnC  combustible  (le  polybutadlJne  par 
example) ,  plus  Snergetlques,  produisent  des  fuaSes  secondalrea  (par  condensation  de  goottelettes  de  HjO 
et  HCl).  En  prisence  d'aluminiua,  producteur  de  fuaSes  prlnaires,  ils  seat  rtservSs  aux  applications 
(lanceurs,  aisslles  straeSgiques,  certains  Etages  de  missiles  tactiqiies)  pour  lesquelles  I'absence  de 
dlscrdtlon  imporce  peui 

Les  propergols  composites  i  base  d’oetogine  et  de  liant  SnergStique,  objets  de  cet  expoab, 
conservent  la  qualitl  sans  funies  tout  en  permettant  d'atteindre  dee  perfotoances  £lev8es.  Leur  utili¬ 
sation  en  presence  d'aluminlum  est  rEservEe  aux  englns  stratSgiques  avanebs. 

La  prSsentation  qul  suit  fait  le  bllan  des  actlvltCs  aenSes  3  I'ONERA  Sur  le  comporteoent  des 
composants  en  combustion  autonone  et  de  leur  conblnaison  en  propergols.  Le  texte  principal  prtsente  les 
rSsultats  et  conclusions  obtenus,  les  annexes  donnent  certains  details  compKmentaires. 


1  -  Propergols  hamogines  (double  -  bate) 
l«  ^  229e  .  sane  tumiee 


2  ~  Propergole  perchlorate  d'ammonlum -liant 

^  combuetlble 

ti  ^  242e  ■  (umtee  eecondalret 
,  avec  aluminium 

li  26St  ■  lumtaa  primtiret 

3  -  Propergole  octogbne  -  liant  anergattqus 

li  $  2S8e  ■  tana  (umiet 
,  avec  elumlnlum 

li  ^  273t  ■  lumaet  primtiree 


'i|  thdorique  pour  une  ditente  7A/t  i  t'iqullibre 

Sources :  AM  a(  COSMOS  rflOOO  •  IMA 
OlfASn'mS-  mi 


FIs.  I  -  Olffirenttpmixrsolstollats. 


2  -  COMBUSTION  AUTONOHE  DE  L'OCTOflENE 


Le  comportement  en  combuttlon  autenome  de  I'octogSnet  done  la  composition  en  blEmants  oxydants 
et  tiducteurs  est  SquillbrSe  et  pereet  d'atteindre  une  tempirature  d'enviroii  3280  K,  est  caraetSrisB  par 
les  donnSes  relatives  d'une  part  I  la  digradation  en  phase  condenste  et  d'autre  part  1  la  structure  de 
f lamas. 


2.1  -  Degradation  en  phase  coiidensSe 

La  clnltlque  de  la  degradation  de  I'octogine  peut  8tce  dStermlnSe  par  des  essais  d'analyse 
enthalpique  diffBrentlelle  (A.E.D.)  ou  de  thermogravimStrie.  De  noabreuses  Etudes  ont  EtE  rEalisEes  et  se 
trouvent  dans  la  bibllographie,  voir  le  tableau  I  pour  quelques  excaples.  BOGGS  dans  un  exposE  de 
synthdse,  donne  une  Hate  plus  coaplEte.  La  figure  2  rassemble  les  rEsultats  obtenus  en  A.E.D.  au  volsi- 
nage  de  la  fuslon-dEcompositlon  de  I'octogEne.  En  supposant  un  ordre  de  rEactlon  de  1  vla-A-vls  de 
I'octogSne  restant  on  obtlent  les  caraccEristlques  cinEtlques  IndlquEes. 

Une  autre  oEthode  qui  permet  de  dEterainer  la  cinEtlque  de  dEcosposlticn  est  celle  de  I'allu- 
loage  par  exposition  A  un  flux  de  chaleur,  le  dElai  dEtectS  Stant  celui  de  la  prealEre  manifestation  de 
rEactions  exothermiques.  La  figure  3  indique  les  rEsultats  obtenus.  La  corrfilation  de  ces  rEsultats,  en 
attribuant  la  preaiSre  rEactlon  exothermlque  A  la  dEcoapositlon  en  phase  condsnsEa,  conduit  aux  valeurc 
indlquEes,  e'est-A-dire  A  une  confirmation  de  la  clnEtique  obtenue  A  partir  dea  analyses  en  A.E.D. 

L' Etude  du  comportement  en  phase  condensEe  est  complEtEe  par  le  relevS  en  cours  de  combustion 
des  profile  de  tempSrature  A  I'aide  de  mlcrotheruocouples.  On  salt  que  I'Epaiaseur  de  propagation  du 
profll  de  tempErature  dans  un  matErlau  en  rEgresslon  esc  donnEe  (conventimnellement)  par  ; 

e.  ^  ^0  Jp  /'^Uf^txVoA  / 

solt  pour  une  vltesse  de  1  A  10  mm/s  «.  de  250  A  25  pin  .  11  est  done  nEcessaire  d'utiliser  des 
thermocouples  aussl  fins  que  possible.  Ceux-cl  sont  rEalisEs  A  partir  de  fils  de  2,S/»»  ou  5^,  soudEs 
bout  A  bout  par  dEcharge  Electrique,  de  telle  faqon  que  la  Junction  est  pratiquement  de  la^^llle  des 
fils.  Le  thermocouple  est  ensuite  prls  entre  deux  plaquettes  d'Echanclllon,  toutes  les  manipulations 
Etant  faltes  sous  microscope  avec  dSplacemencs  mlcronlques,  figure  4.  Un  example  de  relevE  est  IndlquS 
sur  cette  figure. 
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A  partir  de  ces  relevis  eat  possible  d'obtenir  une  estimation  de  la  temperature  de  surface 
(indlqu§e  en  general  par  une  rupture  de  pente  perceptible)  et  de  i*€nergle  degagSe,  correspondant  A  la 
transformation  materlau  sollde— ^  gaa  de  degradation,  par  le  bllan  : 

f 

Le  gradient  A  la  surface  est  releve  sur  lea  proflls  de  temperature  et  la  conductlvlte  des  gaz  est  estlmee 
en  fonctlon  de  la  composition  mesuree  des  especes  Issues  de  la  surface,  evoquec  par  la  suite*  Les 
resultats  obtenus  pour  sont  donnes  sur  la  figure  5.  Le  bllan  de  la  transformation  de  I'octogene  en 

gaz  est  exothermique,  I'energle  absorbec  par  la  degradation  des  liaisons  moieculalres  etant  vralsembla- 
blement  plus  que  compensee  par  I'lnergle  degagee  par  le  dlbut  des  reactions  de  reconblnalson  entre  gaz 
oxydants,  N02»  N2O,  et  reducteuv's,  HCHO,  KCN,  dens  la  zone  superficielle  du  materlau* 

L'evolutlon  Vitesse  de  regresslon^temperature  de  surface  de  I'octogene  est  reportee  sur  la 
figure  6*  On  y  trouve  d'une  part  les  temperatures  de  surface  mesurSes  par  microthermocouples  et  d'autre 
part  la  loi  de  pyrtlyse  C'TV)  evaluee  en  tenant  compte  de  la  clnetlque  de  decomposition  determinle 
precedemment.  On  volt  que,  si  I'on  tient  compte  de  I'incertltude  (tradulte  par  une  dispersion  sur 
d*envlron  50  K)  llSe  d  la  mesure  des  temperatures  de  surface,  11  y  a  continulte  entre  le  mecanlsme  de 
degradation  (phenomenc  thermique  irreversible  de  rupture  des  liaisons  moieculalres,  sans  participation 
importante,  selon  toute  vralsemblance,  d*evaporatlon  de  I'octogene  et  done  sans  Influence  de  la  pression) 
observe  en  A4E«D*,  A  partir  de  240*C,  en  allumage,  aux  environs  de  350*0  ^  et  en  combustion  autonome 
pour  des  temperatures  superficlelles  de  500  A  650*0*  Cette  conclusion  sur  la  continulte  du  mecanlsme  de 
degradation  avait  egalement  Ate  obtenue  dans  le  cas  des  propergols  homogenes  nltrocellulose-'nitrogly’ 
cerlne  [6), 

Le  preiAvement  et  I'analyse  des  gaz  par  spectrometrie  de  masse  en  I'absence  de  rerctions  en 
phase  gazeuse  (la  regression  du  materlau  sous  vide  etant  entretenue  par  apport  de  chaleur  exterleur,  par 
contact  sur  une  plaquetCu  chauffee  par  courant  eiecttique)  permet  une  determination  quantitative  des  gaz 
resultant  de  la  degradation  en  phase  condenses*  Cette  etude  fait  l*obJet  d'une  presentation  parallAle 
{7).  Les  resultats  obtenus  sont  resumes  sur  la  figure  7*  On  y  volt  que  la  degradation  produit  en 
quantltes  volsines  (en  masse)  les  gaz  oxydants  N02>  NO  et  N2O,  resultant  de  la  decomposition  inltiale 
de  la  molecule  d'oetogAne  avec,  drns  le  cas  de  NO,  un  dAbut  de  recomblnalson  dans  la  phase  condenses,  et 
les  gaz  reducteurs  HCHO  et  HCN*  Les  autrea  gaz,  alnorltalres,  N2>  C02»  CO,  H2O,  sont  le  resultat  du 
debut  de  la  reaction  de  combustion  dAs  la  phase  condensle*  Leur  presence  est  en  accord  avec  I'exothermi** 
cite  globale  de  la  transformation  sollde  -  — ^  gaz  de  I'octogAne. 

TABLEAU  1 


Etudes  de  la  decomposition  de  I'octogAne 
(-T  fusion**  ai  275*C) 


Auteurs 

Gsnme  de  tenpArature 
(*C) 

Ec 

(Rcal/aole) 

Ac(»-1) 

SINOAIR  ec  HONDEE  (1| 

>  241 

52,7 

- 

SURYANARAYANA  (2] 

>  268 

52 

- 

ROGERS  (3) 

270-285 

5».3 

C.4  I0l8 

ROBERTSON  [A] 

271-314 

52,7 

5  I0l9 

ONERA  (A.E.D.) 

240-280 

50 

(209  lU/nole) 

0,7  a  1,6  lOl? 

ONERA  (AUuoage) 

at  350 

50 

1,1  10l7 

TABLEAU  2 


Valeurs  constderAes  comne  representatives  de  I'octogAne 


0,33  cal/g  K.  •  1.9  g/cn^. 

Jp*  I  A  1,2  10“^  co.2/8j  diffuslvUe  thermique,  7.3  10"^  cal/cm  s  K. 

Eq  *  50  kcal/mole,  Ac  *  0,7  A  1,6  10^^  clnAtlque  de  la  decomposition  en  phase 
condensAe* 
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Fig.  2  -  DicomposSticn  ^iermlque  cnA.E.D. 


Fig.  3  -  Lol  d'sllumtge  d$  Foctogine. 
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Fig.  5  -  Chateur  d4gag4epar  la  decomposition  de  toctogine. 
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U)i  de  pyroly$e 
h  ptrtir  dll  la  ci'n^tiq'Jft 
obtenua  en'AEO/aliurhage 
E  =  50000  cal/mote 
A  =  0.7 d  1,6.10*’  i'* 
dp  =  1  S  1,2.10’’  cm*  A 
*Tcrr.p<rature  da  surface 
obtenue  par  microthermocouple 
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(910  K) 
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0,0013  0,0014  0,0015 

(770  K1  1/T(K**) 


Fig.  €  -  Fyroiyso  en  phsse  condensie  de  Foctogine 


Chambre  d'lonisattoo 


Compot^i 

NOj 

NO 

N,0 

N, 

CO, 

CO 

H,0 

H, 

HCOOH 

HCHO 

HCN 

NH, 

%  Matte 

22.2 

t7.5 

19,1 

3 

1.4 

1.6 

3,7 

0,07 

0,2 

14,1 

16,8 

0,3 

$9%  31% 


BILAN  MASSIQUE 

c 

H 

0 

N 

Ocio^irte  de  d^pert 

(6.2 

2.7 

43,2 

37,8 

Gi2  de  d^redeilon 

14.2 

2.1 

44,9 

39 

Fig.  7  -  Aneiyse  del  gez  de  pyrotyee  de  Foclog^ne. 


2.2  -  Riactions  en  phase  gateuae 

La  production  dans  la  phase  condenale  de  plualeurs  gar  oxydanta,  N02»  N2O  et  NO,  peut 
condulre  I  la  crlation  d'une  flaaoe  Stagle.  C'est  ce  qul  eat  obaervS  dana  le  caa  blen  connu  dea 
propergola  hoaogSnea  (6,  7]  pour  leaquela  NO2  et  NO  sonc  produits  et  donnent  lieu  reapectivement  R  une 
flanae  primalre  N02''ald6hyde8  et  R  une  flaoo&e  aecondalre  NO'CO,  qul  aont  nettenent  afparRea  en  deaaoua 
de  2;  50  bars  et  qui  ae  confondent  au-delR  de  c:  200  bare.  L'obaervatlon  de  la  conbustion  de  I'octogRne 
R  baaae  preaaion  <  10  bars  nontre  la  presence  d'une  rone  aoabre  d' Induction  et  d'une  flaiL^ae  lumlneuae 
dRtachSe  de  la  surface,  trCa  aemblablea  2  celle  dee  propergols  homogRnea.  Cette  observation  a  Rgaleaent 
ItR  falte  par  KUBOTA  (8],  dana  le  caa  de  cosposltiona  octogRne*llant  coabuatible  (la  presence  de  ce 
dernier  refroidiaaani  la  combustion  de  I'octogRne  et  Rloignant  la  flaaoae  aecondalre).  Par  allleura,  le 
relevR  dea  proflla  de  teapirature  par  taicrotheraocouples  rRvRle  .I'exlatence  pour  lea  preaaiona 
^  10  bars  d'un  palier  de  teapRrature  aux  environs  de  2000  K,  avant  I'aaorce  de  la  flaome  qul  peraet 
d'atteindre  la  tempSrature  de  fin  de  combustion  de  3280  K* 

La  viteaae  de  coabuatlon  de  I'octogRne,  aoua  forme  de  crlataujc  uniques  ou  d'Rchantlllona 
concrStRs,  a  6t8  dRteroinIe  par  BOGGS  (9]  (quelques  points  de  recoupeaent  ont  RtR  obtenus  R  I’ONERA  aur 
Rchantillons  concrRtla),  figure  8.  Une  coapoaltlon  proche  d'octoclre,  R  98  X  d'octogRne  et  2  X  de  clre 
servant  de  llant,  donne  lieu  R  une  Ivolutlon  parallRle  (le  dRcalage  en  niveau  Rtant  HR  au  refroldla- 
aeaent  apportR  par  le  Xlant).  L'Rvolution  de  la  viteaae  de  combustion  avec  la  preaaion  montre  I'attelnte 
dRa  environ  10  bara^d'un  rRglrte  unique,  caracterlaR  par  un  expoaant  de  preaaion  RlevR  v  0,85  R  0,9 
dans  une  lol  )•  Cette  Cvolutlon  eat  rRvRlatrlce  du  fait  que,  loraque  la  preaaion  augmente,  rapl- 
dement  la  flamae  flnaie  vlent  se  rapprocher  de  la  surface  et  que  la  viteaae  de  combustion  de  I'octogRne 
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est  alojrs  sous  I'lnfluence  d'une  reaction  globale,  impliquanc  les  dlffgrents  oxydes  d'azote,  d’un  ordre 
proche  de  2*  La  schSsatlsation  de  ces  phlnoicSnea,  r^alls6e  par  le  couplage  de  la  description  d*une  zone 
de  flamme  pr€melar>g§e  avec  celle  de  la  phase  condensSe^  par  une  reaction  globale  d'ordre  1  (caractSrls*’ 
tlque  de  la  reaction  de  NO2  (6J)  5  30  bars  eC  d’ordre  2  S  >  30  bars  peroet  de  rendre  coaptc 
de  I'Svdlutlon  de  la  vltesse  de  combustion  avec  la  presslon* 


L* Introduction  d'un  sel  de  plomb  dans  des  Ichantlllons  d'octogSne  concrStS^  figure  9,  fait 
apparaltre  une' premiere  zone  de  survltesse  qul  se  termlne  d  s  20  bars.  Cette  action  est  ^  rapprocher  de 
celle  observes  sur  les  propergols  homog^nes  [6],  pour  lesquels  11  a  et€  Itabli  que  la  prSsence  du  sel  de 
plomb  renforce  les  r^sidus  de  carbone  d  la  surface  et  favorise  le  rapprochement  des  reactions  Impllquant 
NO*  Dans  le  cas  des  propergols  homog^nes  cette  premiere  survltesse  peut  §tre  prolongic  jusqu'B 
^  200-300  bars  et  son  amplitude  peut  Itre  module  par  le  cholx  des  addltlfs*  Dans  le  cas  de  l*octog^ne» 
la  flamme  secondalre  venant  se  plaquer  K  la  surface  vers  20-30  bars,  une  extension  de  la  survltesse 
au-del3  est  exclue,  selon  toute  vralscmblance*  Une  deuxl^me  survltesse  apparalt  au-deld  de  200  bars,  de 
mime  que  pour  les  propergols  homogSnes  (6),  pour  lesquels  cette  action  avalt  St6  attribute  3  un  effet 
d’accroche-flamme  des  residua  de  PbO  que  I'on  observe  d  la  surface  du  propergol* 


Fig.  8  -  Vitesse  dt  combustion  dil'octogirwet  c/9  Toctocire. 


Fig.  9  •>  Octocire  ivecack/iSifau  plomb 


3  -  COMBUSTION  AUTONOHE  DU  LlANT 


Les  Hants  '^Snerg^tlqucs'*  sent  constltu^s  par  un  polym'^re  (polyesrer  ou  poly^ther)  contenant 
70  X  de  nitroglycerine.  La  nature  des  liaisons  polym2re~nltroglyc6rlne  t'est  r»s  clalrement  Stabile  ;  11 
semble  qu’elles  sclent  de  type  Van  Per  Vaals  (aseez  falbles).  11  n  supposf',  *1  priori,  que  le 
comportement  en  combustion  des  deux  Hants  6tudl6s  devalt  dtre  assez  voisln.  Rit  rraZU6,  on  a  constat^ 
des  differences  aseez  marquSes  tant  sur  le  plan  de  la  vltesse  de  co/buorion  (figure  17;  que  sur  celul  de 
la  structure  des  rSsldus  de  combustion* 

On  a  tout  d'abord  utilise  les  mimes  techniques  d'ltude  (A.S.D.,  therr.og..<jvj  .•dt*‘fe)  que  dans  le 
chapltre  pricldent.  Toutcfols  I'expirlence  a  m^ntr6  que  I'appareillagc  utHlsI  n'';tait  pas  adapt!  d  ce 
type  de  matirlaux*  L'ltude  thermogrsvlmStrlque  du  Hant  2  (figure  10)  Montre  que..  mime  au  maximum  de  la 
vltesse  de  chauffage  de  notre  apparelllage  (9  K.mn''^),  tou*-**  la  nlcroglyclrlne  prisente  inltlalement 
(70  X)  dlsparatt  par  Ivaporatlon  3  une  teopirature  Inflrleuie  3  210^C.  II  n'est  done  pas  possible  d’ob- 
tenlr  une  clnltlque  de  dlgradatlon  par  cette  mithode.  Les  roesures  oe  Umpiriture  de  surface  (par  Incorpo¬ 
ration  de  microthermocouples  dans  I'Ichantlllon)  sont  actuellement  en  coup's  de  rialisatlon. 

Un  autre  point  Itudl!,  relatlf  3  la  phase  condensle,  concerns  les  risidus  de  combustion.  En  ef¬ 
fet,  pour  les  propergols  homogines  3  basse  pression  (  <*  200  bars),  on  consldlre  que  le  niveau  de  vltesse 
esc  11!  au  potentlel  et  3  la  prdsence  d'une  trame  carbonie  3  la  surface.  T1  a  done  sembl!  Int!res8ant  de 
v!rlfler  si  la  teneur  et  la  texture  des  rlsldus  dlff!ralent  d'un  llant  3  I'sutre*  On  a  mesur!  la  quantit! 
de  rlsldus  obtenue  par  des  essals  de  combustion  sous  pression  modirle  (en  I'absence  de  flamme  secondalre 
pour  !vlter  une  consommatlon  du  carbone).  A  10  bars  on  recuelllo  environ  0,6  X  pour  les  SD  (le  terms  SD 
quallfle  un  propergol  homogine  pr!par!  sans  solvent)  et  les  Hants  2  et  cf  IX  pour  le  Hant  1*  Pour  les 
SD,  I’allure  des  rlsldus  reste  la  m§me,  quello  que  sole  la  pression*  Pour  les  Hants  nicr!s,  3  hasne 
pression,  on  recuellle  un  magma  pSteux  qul  se  utructure  progressivement  lorsque  la  pression  augments  .* 
dis  4  bars  pour  le  llant  2,  vers  10  bars  pour  U  llant  1.  Sur  la  figure  11,  on  compare  les  r!sidus  ob- 
tenus  3  10  bars.  Four  le  propergol  SD  on  observe  une  trame  trie  fine  et  tris  dense.  Une  allure  semblable 
est  observie  avec  le  Hant  2,  la  trame  est  toucefois  molns  dense.  Dans  le  cas  du  Hant  1  la  trame  esc 
presque  Inexistence. 


On  congolt  done  Men  que,  si  le  niveau  de  vitesse  depend  de  la  presence  de  cette  trame,  il  sera 
plus  Sieve  pour  les  SD  ec  pour  le  llant  2  que  pour  le  liant  I  (fig*  12).  Sur  cette  figure  on  a  reports 
les  vitesses  de  combustion  d*un  propergol  SD,  du  liant  1  et  du  llant  2,  les  trois* compositions  ayant  un 
potential  volsin  (  ^  830  cal/g).  On  note  que  si  la  SD  et  le  liant  2  ont  une  loi  de  vitesse  pratiquement 
identique,  le  llant  1  prSsente  une  vitesse  plus  faible  d  partir  de  30  bars* 

Des  addltifs  ballstiques  identlques  ^  ceux  utilisSs  avec  les  propergols  homogSnes  ont  StS 
incorporSs  dans  le  liant  1*  On  observe  (fig*  13)  un  effet  de  survitesse  asset  net  (p  entre  20  et 
500  bars),  mais  Incontestablement  molns  Important  que  celui  obtenu  avec  un  propergol  SD  de  potential  voi~ 
sin  (courbe  en  polntillS)*' 

XI  est  connu  depuls  les  travaux  d*AV£RY  (10]  que  1* introduction  d'un  sel  de  plomb  dan:^  les  pro¬ 
pergols  homogSnes  modifle  (pour  un  certain  domalne  de  pression)  la  loi  ^^ns  cette  gamma  de 
pression  I'lndice  n  augmente  puis  s'annule  (effet  plateau)  ou  mSme  deviant  nSgatif  (effet  mesa)*  Au-deld 
de  cette  zone  (en  gSnSral  <  200  bars)  les  deux  lois  sont  d  nouveau  confondues*  On  peut  noter  que 
I'importance  relative  de  I'effet  de  survitesse  est  d*autant  plus  marquS  que  le  potential  est  moins  €lev6* 
L'addltion  de  noir  acStyl^ne  a  pour  effet  d'accentuer  le  ph^nom^ne* 

Le  m^canlsme  proposS  pour  la  premiere  survitesse  est  li§  d  la  presence  d'une  trame  carbonSe  d 
la  surface  du  propergol*  Cette  trame  provlent  de  rSactlens  entre  aldehydes  (issus  de  la  phase  condensCe, 
en  quantit^s  d'autant  plus  Importantes  que  le  propergol  est  riche  en  nitrocellulose)  et  le  r€sidu  des 
sels  de  plomb*  Cette  trame  a  pour  effet  d'augmenter  les  reactions  entre  NO  et  carbone  et,  dans  le  cas  oO 
le  rSsidu  carbon^  est  trds  important,  de  servir  d*accroche  flamme  pour  la  flamme  secondalre*  Si  I'on 
envisage  un  m^canlsme  analogue  avec  les  Hants  gnergStlques,  1' intensity  de  la  survitesse  sera  116e  g 
Inaptitude  de  la  partie  polymgre  du  liant  g  fournir  au  cours  de  sa  degradation  du  carbone,  et  eventuel- 
lement  des  aldehydes  susceptlbles  de  reagir  avec  les  sels  de  plomb*  Dans  I'immedlat  on  ne  dispose  pas 
d'analyses  des  produits  de  la  degradation  en  phase  condensee  du  liant*  Toutefois  I'examen  de  la  surface 
d'echantlllona,  etelnts  brutalement  par  une  deprossurlsation  rapide  et  examines  au  microscope 
eiectronlque  1  balayage,  montre  clairement  la  presence  de  la  trame  carbonee  pendant  la  survitesse, 
beaucoup  plus  importante  pour  le  propergol  SD  que  pour  le  llant  1  (fig*  14),  ce  qul  est  coherent  avec  les 
resultats  de  la  figure  13* 


Les  compositions  g  liant  du  deuxldmc  type  avec  addltifs  n'ont  pas  encore  ete  realisecs,  mais 
comptc  tenu  des  observations  precedentes  (allure  des  residue,  lols  da  vitesse)  on  s'attend  g  ce  que  les 
addltifs  engendrent  une  survitesse  voislne  de  celle  obtenu')  avec  le  propergol  SD* 


Tf»440*C 


Fig  n  ~  HHkiui  de  ccurttnjuhn. 
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Fig  12  -  Vit9SS9  dt  combustion  des  Hants  nitris. 
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Fig  14  -  Structurts  da  surface  an  tombustion  das  Hants 
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4  -  COMBUSTION  DES  COMPOSITIONS  OCTOGENE-LIANT 


L' Introduction  d'octog^ne  d  un  taux  de  70  %  dans  le  llant  sans  addltlf  a  un  effet  different 
sulvant  la  gamma  da  presslon  consldSrSa  (fig*  I5)«  Aux  basses  pressions  (  <100  bars),  la  loi  da  vitessa 
ast  pratiquement  confondua  avec  cella  du  liant*  Aux  pressions  supSrieures  A  100  bars,  la  loi  da  vitessa 
se  modifie  :  I'exposant  da  presslon  tend  vers  celui  da  I’octogAne. 


En  presence  d'addltifs  I'affat  da  survitaasa  obtenu  est  falble  at  disparatt  vers  150  bars, 
c'est-A'-dira  lorsque  la  vitessa  da  regression  est  pilotle  par  l*octogAne  (fig*  16). 


La  diffloultl  d*obtention  d'affets  da  survitassa  signif icatifs,  permettant  par  1* introduction 
d'additlfs  da  modular  $  la  foia  la  niveau  dc  vitessa  at  I'exposant  da  presslon,  peut  conduire  A 
introdulre  dans  le  propergol  du  perchlorate  d'ammonium.  La  figure  17  est  relative  au  liant  seul  dans 
lequel  on  incorpore  30  Z  da  perchlorate  d'ammonium  A  deux  granulometries  differences  (9  at  90 )  : 

^  a  presslon  donnea,  le  niveau  da  vitessa  est  d'autant  plus  important  que  la  granulometrla  est  fine  ; 

-  pour  une  granulometrla  donnee  I'exposant  de  presslon  est  constant  Jusque  300  bars  et  d'autant  plus 
falble  qua  la  granulometrie  est  fine*  Au*dalA  de  300  bars  les  deux  courbes  sont  confondues* 

L' interpretation  de  ces  resultats  decoule  des  considerations  suivantes  ; 

La  combustion  autonomc  du  P.A*  eat  caracterisea  par  la  lol  de  pyrolyse  de  la  figure  18,  tenant  coaptc  des 
mesures  les  plus  convalncantas,  qul  traduit  une  reaction  exothermique  productrlce  de  O2  importance 
(probablement  70  X  du  P«A*)  dans  la  zone  liquids  superf Icielle,  et  par  la  cineclque  KH3~HCL04 
(portent  aur  las  30  X  restant  du  P*A«  sublime)  Indiquea*  La  nodeiisatlon  de  cette  combustion  (11,  12), 
proche  de  cella  de  GUIRAO  at  WILLIAMS  (13)  mais  plus  slmplifiee,  permet  de  blen  rendre  coopte  des  mesures 
(en  particuller  sur  crlstaux  uniques  de  P.A*)  de  BOCGS,  voir  (9),  ainsl  que  de  I'evolution  de  la  presslon 
llmlte  de  combustion  en  fonctlon  de  la  temperature  Initlale  (20  bars  A  +  25*C).  L' introduction  d'une 
falble  quantite  de  P.A*  permet  de  modular  le  niveau  de  vltesse  d'une  composition  A  liant  energetlque* 


L'oxygAne  excedentaire  dc  la  flamme  du  P.A*  r6aglc  avec  les  gaz  de  flamne  primaire  du  liant,  voir  fi¬ 
gure  19,  erdant  des  flammes  de  diffusion  d'autant  plus  efflcaces  sur  le  niveau  de  vitosse  de  combustion 
que  la  taille  des  particules  de  P.A*  est  faible* 


Si  on  ajoute  de  I'octogAne  A  la  composition,  en  conservant  constant  le  taux  de  perchlorate  par 
rapport  au  liant  plus  perchlorate,  on  constate  (fig*  20)  une  diminution  des  effets  du  perchlorate  d'ammo¬ 
nium.  Le  niveau  de  vltesse  eat  abalssA  et  I'exposant  de  presslon  passe  de  0»5  A  0,7.  La  rupture  de  pente 
qul  sc  produit  vers  150-200  bars  sans  octogAne  s'effectue  en  sa  presence  A  une  presslon  InfArieure  A 
100  bars*  Dans  la  mesure  oA  11  s'avAre  difficile  de  crAer  des  effets  de  survltcssc  suivis  de  plateaux 
avec  niveaux  de  vitcese  dc  combustion  plus  ou  coins  ajustablcs,  comme  dans  le  cas  des  propergols  homo- 
gAnea,  I'utillsatlon  d'une  falble  quancicA  de  P.A.  peut  Atre  une  solution  de  repll,  la  dlscrAtion  des 
produits  Atant  cependant  lAgArement  affectAe  et  I'attelnte  de  zones  de  plateaux  A  exposant  de  presslon 
quasi  nul  n'Atant  pas  rAallsAe. 


ff;-  ie  futMhwir  (i»  lytiM  homodnttUr  l0OtOD$faot 

octogkM'lanx  4nefg4t!qu0  U 


Fig  ^5-  Vness0Sd9CombustlondejCQrpposltton$ociogin0’llantnltf4 


8-10 


100,  Vc  (mm/i) 


«  <-0,6 


Fig.  17  —  InffuMCi  de  h  granulom^tih  du  perchlorstra  d'ammonium  sur  la  vitessa 
da  combustion  du  liant. 


20  60  100  200  600  1000 
Uant  2  4-30%PA(29ranulom^tries :  «90/im.o9  jzm) 


Fig.  18  -  Combustion  autoncma  dj  parchlorata  d’ammonlum. 
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Fig.  19  -  Combustion  das  compositions  parchlorata  d'ammonlum-octog^na- 
liant  ^rg^tiqua. 


Fig.  20  -  Influanca  da  toctog^na  8  taux  iicnt/P.A.  constant. 
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5  -  CONCLUSIONS 


L'gtude  de  la  coabustlon  des  composants  seuls  et  des  propergbls  ^  base  d'octogSiie  et  de  liant 
iSnerg€tique  a  permls  d'Stabllr  un  certain  nombre  de  conclusions. 

Le  comportenent  en  phase  condens€e  de  l*octog5ne,  caractSrisS  par  la  cinStique  de  degradation 
(determinee  par  analyse  enthalpique  diffirentielle  ou  par  allumage),  l*energie  mise  en  Jeu  dans  la  trans** 
formation  du  sollde  en  gaz,  la  loi  de  pyrolyse  (relation  vitesse  de  combustion-temperature  de  surface)  et 
la  nature  des  gaz,  est  maintenant  assez  blen  connu. 

La  zone  de  flaanae  de  l*octogene  est  comparable  d  basse  pression  S  celle  des  prbpergols  homo- 
genes  ;  en  effet  on  observe  la  prisence  de  flammes  primalre  et  luaineuse  separSes  ;  cependant  dls  environ 
10  bars  les  reactions  se  confondent  en  une  seule  flaaae  et  la  vitesse  de  combustion  devient  tr^s  sensible 
e  la  pression*  additifs  des  propergols  hooogencs,  un  sel  de  plomb  par  example^  n*ont  une  action  qu'B 
tr^s  basse  pression* 

Les  liants  energetigues  (i&eianges  de  nitroglycerine  et  d*un  polymere)  ont  un  comporteaent  en 
combustion  voisin  de  celui  des  propergols  homogenes*  Suivant  la  nature  du  polymere  il^  produisent  une 
quantite  plus  ou  moins  Importante  de  residua  de  carbone*  La  presence  de  ce  carbone  intervient  sur  les 
reactions  proches  de  la  surface  et  done  sur  I'evolution  de  la  vitesse  de  combustion  avec  la  pression*  Par 
allleurs,  dans  le  cas  des  propergols  homogenes,  en  presence  d'additifs,  ces  residue  sont  accrue  et  per- 
mettent  un  rapprochement  de  la  flamme  secondaire  vers  la  surface  et  par  Id  un  effet  de  survltesse  suivi 
d'effet  de  plateau*  Cet  effet  est  observe  de  mantdre  modSree  dans  le  cas  des  Hants  polyesters  peu  pro- 
ducteurs  de  carbone.  Les  liants  polyethers,  de  comportement  plus  proche  des  propergols  homogdnes,  de- 
vraient  Itre  plus  favorables  aux  effeta  dc  survltesse  et  de  plateau  ;  ceci  reste  d  dtre  verifie* 

Les  propergols  d  base  d*octogdne  et  de  liant  energetigue  presentent  une  vitesse  de  combustion 
qul  est  un  conpeomis  entre  les  vitesses  de  chacun  des  composants*  L'absence  d'lnfluence  de  la  granulo- 
metrle  de  l*octogdne  confirme  qu'octogdne  et  liant  brQlent  c6te  d  c8te  sans  interaction.  L'effet  des 
additifs  spdcifiques  des  propergols  homogdnes,  d6jd  aoddrd  dans  le  liant  seul,  est  faible  dans  le  cas  des 
compositions  avec  octogdne*  Dana  un  premier  temps,  un  moyen  permettant  dc  moduler  le  niveau  de  vitesse  et 
de  r6duire  la  sensibility  d  la  pression  de  la  vitesse  de  combustion  de  ces  propergols  peut  Stre  1' Intro¬ 
duction  de  falbles  quantitys  de  perchlorate  d'ammonium*  L*oxygdne  excSdentalre  de  la  combustion  du  P*A* 
ryaglt  dans  des  flammes  de  diffusion  avec  les  gaz  de  la  flamme  primalre  da  liant* 
tn  consequence,  11  esc  possible  d*obtenlr  une  modulation  des  ettets  de  Taddltlon  dc  P.A*  par  le  cholx  de 
sa  granulomytrie  et  dc  son  taux  de  charge.  L* Introduction  du  P.A*  n'eat  cependant  pas  favorable  du  point 
de  vue  de  la  di8cr6tlon  den  prodults  ymls.  II  reste  done  A  poursulvre  I'^tudc  des  possibility^  de  cryer, 
par  I'emplol  d'additifs,  des  effets  de  survltesse  et  de  plateau  largement  modulables  comme  dans  le  cas 
des  propergols  homogAnes* 

Ces  Ytudes  s^nt  menyes  grice  A  Ifi  participation  de  MM.  A*  BIZOT,  J.  HOMMEL,  J.F.  TRUBERT, 
J.C.  AMIOT  et  0*  BENEVIDES,  scaglalre  A  I'ENSTA. 
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A  M  M  E  X  F.  S 


1  -  THERHOCRAVIHETRIE.  ANALYSE  EKTHALPIQUE  DIFFEREMTIELLE 


Un  £chantlllan,  de  masses  Initials  mtg  et  InstantanSe  M  ,  aublt  (unlformSment  dans  sa  masse) 
une  montSe  en  temperature  TaTa-t-vf:  ,  sulvant  une  vltesse  de  chauffsge  V  programmable. 


Avec  ,  la  lol  de  degradation  s'exprlme 

!  -Ec/fir  ^ 

ii.  *.  'll  , 

at  » 


-£e./RT 


-  m  *■ 

V 


SI  I'on  Intdgre  cette  relation  entre  conditions  Inltlale  et  Instantanfe 


-4  S 


T  -em/RT 


jr  ^ 


avec  ^cE<./RT<en  fonctlon  des  rSaultats  antlclp6s,  on  a  ~  49  1) 

(oH  I'on  dent  coopte  du  fait  qu'^  7^  la  vltesse  de  reaction  est  nulle).  Du  fait  que  't  I  le 

tertoe  exponential  domlne  trds  largeaent  et  ^ 


lie  ^  ^  t  .  C4> 


SI  pour  dlffSrentes  vltesses  de  chauffe  V  on  se  place  au  mene  dogr6  d'avanceraent ►  on  obtlent 
une  relation  entre  V  et  la  temperature  7Yj)  attelnte  S  ce  degrS  d'avanceoent  f 


=  -  le  r  ><  +  _ 1  .  (s) 

AO/T)  CE./RT  J 

On  peut  done  utlllser  un  relevS  cooune  celul  de  la  figure  2,  dont  la  pente  est  dlrecten^^nt  ll€e  2 
I'^nergle  d'actlvaClon  (le  terme  en  1/ ^ '€^^/KT)«0,02  Itant  une  correction)*  On  obtlent  alors 

Eq  ■  SO  kcal/mole* 

En  un  point  de  la  courbe  de  la  figure  2,  et  en  supposant  une  reaction  de  degradation  d'ordre 
■  1,  on  a,  d  partlr  de  I'^quatlon  (3), 

Sc/RT  /  ,  \ 


A.  =  \/ 

RT* 
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£n  analyse  enthalplque  dlff^rentielle  il  est  difficile,  en  I'absence  d'aucre  mesure,  de  connattre  le 
degr6  d'avanceinent  correspondant  au  d^f-at  du  pic  de  dSgagement  exothermique*  On  peut  estimer  que  10  ^ 
20  %  du  oatlriau  s' est  dgJI  dSgradS.  On  obtlent  alors 

Ac  -  0,7  S  1,6  10l7  s-l, 

reflStant  la  marge  d' incertitude  sur  le  degrS  d'avancement* 


2  -  ALLUMAGE  PAR  UN  FLUX  SUPERFICIEL 

Un  Schantillon  est  chauffS  en  surface  par  un  flux  constant  de  densltS  .  L'fivolutlon  de  la 
teapSrature  en  fonctlon  du  temps  et  de  la  profondeur  x  (<  0  dans  le  matSrlau)  est  r^gie  par  la  relation 


<3> 


avec  pour  condition  Unite 


-  f 

•  o 


La  temperature,  pour  un  mat^rlau  Inerte,  est  donn^e  par 

\‘Vl 


U  J 


+  oc.  <r 


(_  ji.  \] 


et  en  surface 


\-i/i 


6) 


avec  ^ r  fp  ^  .  /  I'effuslvltfi  thermique,  estln§c  pout  fp  ■  1,9  g/cn^,  Cp  « 

0,35  cal  /gK  et  >p^7,3  10"^  cal/cm  sK  A  P-  0,022  (valcur  corres^’ondant  A  d  ■  1,1  10“^  cn^/s). 


Avant  que  la  degradation  exothermique  s'amorce  Ics  ccrmes  Instatlonnalre  et  de  conduction  de 
X'^quatlon  (1)  s'^quilibrenc.  Un  critArc  d'allut&age  (c'est-A-dlre  de  premUre  uinlfescation  de  reaction 
exothermique)  cat  alors  qu'au  voisinage  de  la  surface  le  terse  de  dSgagement  d'Ancrgle  devlent  6gal  ou 
supAricur  au  terme  instationnairc 


fp 


Us 

it 


4 


ft.  9,  A. 


/RTi 

e 


Cs) 


SI  I'on  tlent  conptc  de  U  relation  (4)  pour  on  obtlent 


J'"''  r  f'’- 


-ec/HTs, 


aolt  en  fonctlon  Je  la  relation  (4)  -fe  /  T* 

4* Cr,.,.-T.Ti"‘ 


C‘) 

(>> 


Une  description  plus  rigoureuse  par  un  calcul  num^rique  xDontre  que  I'^quation  (6)  est  une  premlAre  appro* 
ximation  et  qu'une  expression  qul  permet  de  mleux  reprSsenter  I'lvolucion  de  la  temperature  d'allumage 
est  11] 


^  ^  -t.dv  -L 


tl]  -  A.D.BAEd,  N.W.KYAN 

Ignition  of  composite  propellants  by  low  radiant  fluxes,  AIAA  Journal,  vol.3,  n°  5,  p.  884,  oal 
1965. 
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Les  rSsultats  de  la  figure  3  Indlquanc  l*€volutlon  du  dSlal  d'allumage  en  fonction  du  flux  re9u 
peuvent  gtre  corrSUs,  d'une  part,  en  calculant  I  partir  de  I'^uatlon  (4)  la  temperature  attelnte 

au  moment  de  I'allumage  (d  titre  d'exemple  ^  4^9  ■  20  eal./cm^  e,  t»|.  ••  0,104  s'  ■  *  625  K) 

et,  d'autre  part,  en  ajuatant  I'^nergie  deactivation  et  la  constante  ^  S  partir  de  la 

relation  (8).  On  peut  ainsi  obtenir 

50  kcal./mole  (valeur  arrondie) 

Aj.-  1,1  10l7  8-1. 

3  -  REGIME  DE  LA  REGRESSION  ETABLIE 


En  regression  etablie  et  dans  un  systSme  (avec  0  vers  I'exterieur  du  materiau)  lie  i  la 
surface  regressant  ^  la  vitesse  de  combustion  ,  la  lol  dans  la  phase  condenset:  est  regie  par 
I'equation 


avec  pour  solution  le  profil,  avec  e  la  surface  et  To  en  profondeur, 

(^T-T„)/('T8-T.)  .  (2) 


L'epaisseur  de  materiau  chauffe  peut  Itre  definie  conventionnellement  pour  I'attelnte  d'une  temperature 
suffisamment  proche  de  T® 

80it 

t.  ii  ^  AO  .  /S) 

Vt 

La  dEsradatlon  du  matdrlau,  pour  une  reaction  d'ordre  1,  eat  r£gle  par  I'Squatlon 
,,,  ^  _Be/RT 

. -f,rpA. .  ,  fy 

avec  'if  la  fraction  naaslque  du  matdrlau  en  cours  de  degradation  (masse  spCclftque  locale  ramenEe  i  la 
naaae  apdclflque  Inltiale  f. }.  L'Spalaeeur  de  reaction  peut  dtre  dSflnie  par  I'attelnte  d'une  tempS- 
rature  sous  la  surface  pour  laquelle  le  taux  de  dSgradatlon  s'est  suffisamment  attenuS 

,  SO 

/  -10  ' 

avec  On  obtient 

AT  /Tj  .  (  Ai-  ^  (i) 


soit  pour  "Ig  •  850  K,  30,  AT  ■  60  K.  SI  I'on  introdult  cette  expression  pour  AT  dans  I'expression 
du  profil,  Equation  U),  on  obtient  pour  I'Spaisseur  dnua  laquelle  la  rSactlon  de  dSgradatlon  est  active 


if  ^  AO  A  _][L.  . 

Vc  2.  CH-To^ 


(>) 


Pour  une  vitesse  de  regression  «  10  mm/s  par  exemple  I'epalsseur  chauffle,  Equation  (3),  est  de 

25  et  I'epalsseur  de  reaction  *  r^acf.  ^  •  En  dehors  de  cette  tone  reactive  superflclelle 

trSs  fine  le  materiau  est  inerte  (les  temperatures  atteintes  sont  encore  trop  peu  eievees  pour  que  la 
degradation  alt  eu  le  temps  de  se  produire)*  Le  temps  de  sejour  du  materiau  dans  la  zone  chauffee  est 
at  2  ms  pour  I'exemple  choisi)  et  dans  la  zone  reactive  (0|1  ®s).  On 

conqoit  qu'en  fonction  de  ces  temps  de  sejour  extrSmement  courts  des  temperatures  de  degradation  tr^s 
eievees  solent  atteintes  (  cr  650^0  er.  regime  etabll  pour  ^  250^0  en  A.E.D*  pour  des  temps  de  sejour  de 
I'ordre  de  dlzalnes  de  minutes)* 

L' equation  (4)  pour  la  conservation  de  la  masse  specif ique  du  materiau  peut  §tre  integree  au 
travers  de  la  zone  chauffee 


fic.  •^P 


S. 


? 
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oil  I'on  a  tenu  compte  de  l^expression  approch^e  pour  l^^palsseur  de  reaction,  Equation  (7).  On  a  montrg 
[1]  qu'une  expression  plus  rlgoureuse  est 


0^  Yp^s  esc  falble  fraction  de  oat^rlau  restant  ^  la  surface  (on  a  oontrS  en  (1)  que  la  valeur 
precise  a  peu  d'lnpact  et  qu*on  peut  adopter  ^  0,01).  La  lol  de  pyrolyse  de  I'Squatlon  (8) 

reliant  la  vltesse  de  regression  1  la  temperature  de  surface  a  ete  utlllsee  pour  la  figure  6. 

{1]  -  G,  LENGELLE 

Thermal  degradation  kinetics  and  surface  pyrolysis  of  vinyl  polymers. 

AIM  Journal,  vol.  8,  n*  11,  p.  1989,  (1970). 

4  -  ZOKE  DE  FLAMME 


Les  equations  de  conservation  dans  la  phase  gazeuse  des  espSces  chlmlques,  de  fraction  oasslque 
Y<  ,  et  de  I'energle  a'ecrlvent 

£!>■  -  i  )  -• 

d-K.  dy  V  '  lyL  ' 


*  a  ^ 

Am  etant  le  debit  masse  unltalre  (»  psr  conservation  de  la  masse),  to;  le  taux  de  reaction 

g/cffl^  8  et  k{  I'enthalple  de  formation  de  I'espSce  1.  Les  conditions  llmltes  A  la  surface  sont 


);,£,(llbere  par  la  degradation  du  materlau,  voir  fig.  7) 

iv 


L'lntigraclon  de  (2)  peroet  d'obtenir 

oil 

<?}- 

est  la  chaleur  degagee  pour  la  reaction. 

SI  I'on  represente  la  reaction  chiolque  de  la  flamme  par  une  reaction  globale 

■p; 

,  O 

on  peut  ecrlre  <0; 


_e^/RT 

4L. 


ou  (-^l  pour  le  combustible 
(-1)  pour  I'oxydant 

oQ  C  est  la  concentration  molalre,  JL  /M 

/m»  RT 


.  L*ordre  de  la  reaction  est  a  b. 


L*lntegratlon  de  I'equatlon  (1),  compte  tenu  de  (3),  donne 


/f* 
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En  parclculler  pour  I'oxydant 

^  «  -R 

/W  lex/C. 

L'gquatlon  de  I'dnergle  s'Scrlt,  en  tenant  conpte  de  (7)  et  (8) 

a/lh].  <3rr  f;  Lt] 


~  M  CP 

~  —  'S 

(aXiC 


L' Equation  dea  eapdeea  devlent,  en  tenant  cospte  de  (7)  et  (8), 

-"iii  -  J  //^  M  Pj  w  -  w 

dv  Jvj  rtytex[:;;  ^ 

Du  fait  <iue  11  y  a  slallarltS  encre  lea  Equations  pour  X  et  pour  Tf  de  telle  aorte  que 


Reaction  du  premier  ordrcebasae  preaalon 


A  baaae  preaalon  la  flanoe  prl>Aalre»  Inpllquant  une  reaction  unlmolSculalre  de  NO2  (6]i  a 
aeule  une  Influence  aur  la  r^greaalon  de  la  surface  (la  flaaae  aecondalre  en  eat  trop  Siolgn6e)»  On  a 
alora,  coapte  tenu  de  (9)  et  (ll),  .  ^ 


xm  CfCT^-T).  ii) 


SI  on  pose 

•^1  -  1  fr  '  \  V 


En  Intlgrant  de  surface  A  fin  de  flamoe 


A.  iM 


oB  on  a  tenu  coapte  de  <4)  et  oO  un  "facteur  de  forme"  du  profil  de  temperature  eat  dSflnl  par 

^ f  ,  ©s  ir~\  ^ 

Jo  R-1^  1v 

II  a  €t6  ^tabll  que  £^4  ■  5  kcal  /mole  |6)  est  reprSaentatlf •  Une  resolution  numSrlque  de 
I'^quatlon  (12)  r€vSle  que  le  facteur  de  forme  F  est  plus  Svolutif  en  fonction  de  la  presslon  et  proche 
de  1*  L'^quatlon  (13)  Indlque  alors  que  la  /Itesse  de  combustion  fpVc.s  Svolue  sulvant  ,  gvo- 

lutlon  I  laquelle  s'ajoute  I'lnfluence  de  la  variation  mod^rSe  de  Cette  Evolution  est 

indlquSc  sur  la  figure  Al  pour  30  bars. 

Reaction  du  deuxiSoe  ordre.  haute  presslon 

Au'dessus  de  30  bars  on  peut  consldSrer  qu'une  flaome  unique,  dans  laquelle  rSaglssent  N02t 
N2O  et  NO  avee  HCKO  et  HCN,  reprSsent^e  par  une  reaction  bimol^culaire,  Influe  sur  la  regression  de 
surface.  Coapte  tenu  de  I’lquatlon  (11)  pour  Tojt  »  I'^quivalent  de  I'^quation  (13)  pour  le 

dSbit  masse  duvient 


as 
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HAtI  /w^., 


-ngjRT 

<-  JT 


*  f  ] 


^5) 


l^e  calcul  numgrique  montre  que  F  eat  peu  ^volutlf  et  st  1*5.  L'6quatlon  (15)  Indlque  alora  que  la 
Vitesse  de  combustion  Svolue  suivant  ,  avec  une  l^gSre  modification  apportSe  par  la  variation  de 
.»•  avec  la  pression*  Cette  Evolution  est  indiquSe  sur  la  figure  A«l*  Sur  cette  figure^  les 
constantes  prSexponentielles  et  A  ont  £t^  aJustSes  A  30  bars  sur  la  valeur  expSrimentale,  le 

reste  du  calcul  se  d^roulant  cnsulte  sans  autre  a^ustement. 


Vc  (mm/j) 


lOOj 

60 

20 

10 

6 

2: 


RiiuUsude  6o99»(NWC) 

0  EchantiHons  concr<te$20*C 
•  CrUtaux  20*C 
«  Moditisatton  par 
itamme  unique 


qP'* 

O' 

oy 

Reaction  NOj  ordre  1 
^^Ert,  "Skcal/mole 

_ — 

23  6  to  20  60  too  200 


Ruction  NO,/N)O/N0 
ordr*2  Ej,  ■  25  kc»l/mole 
n~i 


P  (ban) 


1000 


Fig  At  -  Vittsse <h conibutilon dt rociogint. 


DISCUSSION 


N.S.Cohcn,  US 

It  is  iiitcicsting  lliat  tlic  low  pressure  burning  rale  of  the  propellant  is  less  than  the  individual  burning  rales  of  the  IIMX 
and  binder  ingredients  (Pig.  1 6).  I  liavc  also  observed  that  with  several  propellants  and  I  have  also  observed  the  bigb 
pressure  burn  rate  of  the  propellant  to  be  higher  than  the  ingredients  in  some  cases.  Thus  the  combination  has  a  higher 
pressure  exponent  than  the  ingredients.  I  bclievn  that  this  is  due  to  an  energy  interaction  by  which  the  presence  of  the 
I  IM.X  '•'■duces  the  net  cxothcrmicity  of  the  solid  at  low  pressure,  and  increases  the  rale  of  heat  feed-back  from  the  flame 
at  high  pressure,  compared  to  the  binder  alone.  But  I  agree  that  there  is  probaltly  no  chemical  interaction  between  them. 
There  is  also  controversy  about  whether  the  condensed  phase  of  I IMX  is  net  endothermic  or  exothermic,  whether 
HMX  undergoes  a  vaporiztilion  that  would  be  endothermic.  It  is  difncull  to  deduce  this  from  thermocouple 
measurements  because  it  is  much  more  difncull  to  nic>asurc  the  temperature  gradients  than  the  surface  temperature.  If 
the  condensed  phase  of  HMX  is  net  exothermic,  as  you  show,  it  must  be  less  than  for  the  binder  because  the  pressure 
exponent  is  higlter  and  the  temperature  sensitivity  (o^)  lower  than  for  the  binder.  In  any  case,  1  feel  that  better  catalysis 
of  the  propeliani  can  be  achieved  through  research  that  would  match  additive  decomposition  chavaclcrisiics  with 
particular  combustion  zone  thermal  environments,  and  some  success  in  achieving  plate, tus  through  trial  and  error  has 
been  demonstrated. 

Author’s  Reply 

Although  the  thermocouple  measurements  arc  scattered,  they  show  (Pig.S)  that  the  condensed  phase  decomposition  is 
net  exothermic,  between  50  and  1 00  cal/g,  in  the  case  of  HMX  (this  is  in  agreement  with  the  gas  analysis  showing  NO  to 
be  present.  NO  results  from  a  beginning  of  the  exothermic  reactions  in  the  condensed  phase).  A  similar  result  (nut 
shown  in  the  paper)  has  been  obtained  for  the  (nitroglycerine  and  polymer)  binder,  that  there  is  a  net  exothermic  heat 
release  in  the  condensed  phase.  Taki.tg  these  results  into  account,  and  measurements  of  surface  temp  traiurcs  around 
850K  for  HMX  and  around  650K  for  the  binder,  it  is  possible  to  extract,  from  the  modclisation  of  the  combustion  of 
each  component,  lemper-ilure  coefficients  very  compatible  with  experimental  results,  that  is  around  0.17o*C"'  for 
HMX  and  arouno  0.5%  'C"'  for  the  binder. 

With  respect  to  additives,  it  is  believed  that  one  should  try  to  obtain  an  interaction  with  the  binder  of  the  nature  of  that 
observed  with  double-base  propellants;  that  is  enhancement  of  the  carbon  residue  on  the  surface  and  strengthening  of 
the  primary  flame,  to  create  super-rates  followed  by  plateau  effects.  One  has  to  try  and  find  a  poSymer  which  gives  an 
appreciable  amount  of  carbon  upon  degradation,  so  that  the  additives  arc  trapped  in  the  carbon  layer  on  the  surface 
and  can  interact  with  the  primary  flame. 
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STABILITY  OF  NITROCELLULOSE  PROPELLANTS  ASSESSED  /lA  THERMAL 
DECOMPOSITION  AND  ALTERATION  OF  THE  STABILIZER  C'X-IPOSITION 

Ir,  P.  van  de  Mey  and  Dr.  A.H.  Heemskerk 
Prins  Maurits  Laboratory  TNO 
P.O.  Box  45 

2280  AA  Rijswijk,  The  Netherlands 


ABSTRACT 


In  the  Netherlands  the  surveillance  of  propellants  is  pertormed 
by  investigating  the  thermal  behaviour  of  the  propellant  at  a 
temperature  of  358  K.  This  procedure  is  accepted  to  represent 
a  degradation  equivalent  to  a  storage  period  of  at  least  ten 
years  at  ambient  temperatures. 

To  obtain  additional  information  about  the  degradation  of  pro¬ 
pellants  thermal  stability  tests  have  been  performed  at  various 
temperatures  and  under  several  environmental  conditions.  Both 
the  thermal  behaviour  of  the  propellant  and  the  chemical  be¬ 
haviour  of  the  stabilizing  amine  compound  have  been  determined 
during  these  experiments.  The  composition  of  the  amine  com¬ 
pounds  has  been  analysed  using  HPLC-technlqucs  developed  for 
these  experiments. 


1.  INTRODUCTION 

Basically  the  surveillance  of  gun  propellants  is  either  performed  by  an  investigation 
into  the  thermal  behaviour  of  the  propellant  Ql3  or  by  the  determination  of  its  residuax 
effective  stabilizer  content  (^23.  In  most  cases'this  surveillance  is  performed  at  elevated 
temperatures  to  reduce  the  tlroe'spent  on  investigation  and  to  enable  a  prediction  over 
a  period  of  5-10  years.  In  the  Netherlands  the  thermal  behaviour  is  investigated  by  fol¬ 
lowing  the  isothermal  heat  generation  of  the  propellant  at  358  K  for  an  aging  period  of 
one  week.  This  procedure  is  accepted  to  be  -representative  fur  a  storage  period  of  at 
least  ten  years  at  ambient  temperatures. 

Although  generally  agreeing  in  results  the  classic  stability  tests  of  the  propellants 
and  the  above-mentioned  heat  generation  tests  occasionally  lead  vo  contradictory  judge¬ 
ments. 

Furthermore,  the  prediction  method  based  on  surveillance  at  elevated  temperatures  is  only 
acceptable  if  the  set  of  decomposition  reactions  Involved  in  the  degradation  process  of 
the  propellant,  the  so-called  "reaction  pattern”,  remains  approximately  the  same  and  more 
or  less  independent  of  temperature. 

In  this  context  the  behaviour  of  the  stabilizing  compound  is  of  major  importance. 

This  compound  has  been  investigatcd^intcnsively  both  qualitatively  and  quantitatively 
either  as  part  of  the  propellant  ^23  or  in  its  pure  form  exposed  to  nitrogen  oxides  L33> 
However,  none  of  these  cases  led  to  a  definite  link  between  the  temperature  and  the 
behaviour  of  either  the  stabilizer  composition  in  the  propellant  or  the  thermal  decompo¬ 
sition  of  the  smokeless  powder. 

In  our  current  research  programme  the  link  between  the  thermal  and  chemical  (viz, 
stabilizer  composition)  is  being  investigated  as  a  function  of  temperature  in  the  tempera¬ 
ture  range  300  -  390  K  C‘*>53  applying  various  methods  of  investigation  ; 

-  investigations  into  the  change  in  stability  of  propellants  as  a  function  of  temperature 
(range  350  -  390  K)  1 nder  various  external  conditions, 

-  investigations  into  the  NOx-gcncration  during  the_slow  decomposition  at  low  temperatures 
(300  -  370  K)  using  chemiluminescence  methods  C53, 

-  investigations  into  the  behaviour  of  the  stabilizing  compound  exposed  to  nitrogen 
oxides  in  the  temperature  range  between  300  and  350  K, 

From  these  investigations  both  the  existing  pattern  of  reactions  between  the  reactants  as 
a  function  of  time  and  the  shift  in  this  pattern  as  a  result  of  temperature  variation  can 
be  obtained. 

In  this  paper  we  intend  to  show  some  of  the  results  of  the  research  programme  obtained 
according  to  the  first  and  the  third  method, 

2,  EQUIPMENT 


The  heat  generated  by  the  propellants  has  been  measured  with  the  help  of  the  isothermal 
storage  test  (1ST),  At  the  end  of  the  degradation  period  the  stabilizer  was  extracted  from 
the  propellant  and  its  composition  determined  using  high  performance  liquid  chromatography 
(HPLC) ,  The  1ST  has  been  developed  in  our  laboratory  to  register  small  heat  generations 
with  considerable  accuracy.  The  heat  generated  by  reacting  or  decomposing  substances  at 
constant  temperatures  is  measured  as  a  function  of  time.  Performance  of  these  experiments 
at  a  number  of  temperatures  leads  to  a  quantitative  understanding  of  the  relation  between 
the  temperature  and  the  heat  generation  of  the  substance  unaer  investigation. 
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1 .  Sample 

2.  Sample  vessel 

3.  Cylindrical  holder 

4 .  Air  epaces 

5.  Thermo-pile 

6.  Electric  circuit 

7.  Aluminium  block 

8.  Inert  material 

9.  Air  space 

10.  Electric  heating 

11.  Glasswool 

12.  Amplifier 

13.  Recorder 


Figure  l.  Construction  of  the  isothermal  Storage  Test. 

The  1ST|  shown  in  Fig.  1,  consists  of  a  large  heat  sink  (an  aluminium  block)  which 
is  kept  at  the  desired  constant  temperature.  In  the  block  are  two  wells  with  a  heat  flow 
sensor  -  a  Peltier  element  -  at  the  bottom.  Holders  are  placed  on  the  Peltier  elements. 
Both  holders  are  identical.  One  holder  contains  the  sample,  the  other  an  inert  substance. 
The  heat  generated  by  the  sample  results  in  a  proportional  voltage  signal  from  the  heat 
flow  sensor.  Random  fluctuations  in  this  signal  are  avoided  by  monitoring  the  voltage 
difference  between  both  heat  flow  sensors.  The  minimum  heat  generation  measured  by  the 
1ST  amounts  to  5  mw  per  kg  of  sample  with  an  accuracy  of  at  least  30  percent  for  the  very 
low  heat  generations. 

The  reactions  of  DPA  or  its  derivatives  were  investigated  by  exposing  the  pure 
components  to  nitrogen  oxides  in  a  thermogravlmetric  balance,  which  is  schematically 
shown  in  Fig.  2. 


Figure  2.  Thermogravlmetric  equipment  adapted  for  investigations 
into  diphcnylamine  +  derivatives. 

This  balance  basically  combines  thermogravlmetric  measurements  with  differential 
thermal  analysis.  The  measuring  cell  of  the  thermographic  equipment  has  been  redesigned 
in  the  following  way  j 

-  An  injection  system  was  attached  to  the  cell  upstream  of  the  sample  vessel  in  order 
to  introduce  a  nitrogen  dioxide/nitrogen  gas  mixture  to  the  sample.  The  injection 
system  was  designed  in  such  a  way  that  it  caused  no  jumps  in  the  weight  signal  and 
that  it  enabled  well-defined,  discrete,  fast  and  accurate  periods  of  exposure. 

-  The  sample  vessel  was  changed  as  well.  In  order  to  obtain  an  acceptably  good  mass 
transfer  between  the  nitrogen  dioxide  and  the  stabilizer  a  wire-cloth,  sample  vessel 
was  constructed. 

In  order  to  prevent  melting  effects  and  to  improve  mass  and  heat  transfer  the  DPA  was 
deposited  in  thir.  layers  on  glass  or  steel  balls. 

The  stabilizer  composition  was  determined  both  qualitatively  and  quantitatively  by 
HPLC.  The  resolution  of  the  HPLC,  shown  in  Fig.  3  appears  to  be  remarkable  good.  The 
derivatives  with  equal  retention  times  (5,7  and  10,11,12)  hardly  occur  simultaneously 
in  the  stabilizer  compounds  investigated  in  practice. 


9-3 
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1.  raethyleneohloride  (solvent) 

2 .  impurity  ” 

3.  impurity  " 

4.  -4-nitrosodiphenylamine 

5.  N-nitroso-2,4 '-dinitro  DPA 

6.  N-nitroso-2-nitro  DPA 

7.  N-nitroso  DPA 

8.  4, 4 '-dinitro  DPA 

9.  4-nitro  DPA 

10.  Diphenylamine  (DPA) 

11.  iJ-nitroso-4-nitro  DPA 

12.  2/),4'-trinitro  DPA 

13.  2,4'-dinitro  DPA 

14.  2, 2 '-dinitro  DPA 

15.  2,4-dinitro  DPA 

16.  2-nitro  DPA 

17.  N-nitroso-4 ,4 '-dinitro  DPA 


Figure  3.  HPLC  -chromatogram  with  14  DPA-derivatives 
3.  RESULTS 


Typical  changes  in  the  composition  o£  DPA  as  a  result  of  exposure  to  nitrogen  dioxide 
are  shown  in  Figures  4  and  5.  In  these  Figures  the  time  of  exposure  has  been  Included 
on  the  z-axls.  The  time-dependent  changes  in  composition  at  a  temperature  of  300  K 
are  shown  more  clearly  in  Fig.  6. 


Figure  4 .  Series  of  HPLC-chromatograms  showing  the  tlme- 

-dependent  behaviour  of  DPA-nitrodloxide  at  300  K. 


? 


Figure  5,  Series  of  HPLC-chromatograms  showing  the  time- 

dependent  behaviour  of  DPA  +  nitrodioxide  at  350K. 


-T- - , - 1  I  I  '  I - 

50  )00 

(Ime  ot  exposure  (sec)  — » 


Figure  6,  Fraction  of  DPA  +  derivatives  as  a  function 
of  time  exposure  to  nitrodiox< de  at  300  K. 

Considering  the  changes  in  composition  in  some  detail  ve  find  that  the  DPA  content 
initially  decreases  under  the  formation  of  nitrosodiphenylamlne  (NO-DPA)  as  main 
product,  4-nltrodiphenylamine  {4-NDPA)  as  main  by-product  and  a  small  amount  of  2-nltro- 
diphenylaralne  (2-NDPA) . 

The  apparent  increase  in  the  peak  of  DPA  (Pig.  4)  following  a  sufficiently  long  period 
of  exposure,  is  caused  by  the  formation  of  nitroso-4-nitrodiphenylaninii  ;iJO-4“NPA  Fig.  6) , 
a  compound  with  an  equal  retention  time. 

The  concentrations  of  the  primarily  substituted  DPA-derivatives  show  maxima  and,  as 
secondary  substitution  increases,  decrease  again.  The  main  products  become  the  DPA-deri- 
vatlves  NO-4-NDPA  and  N0-2-NDPA. 

Tt  appears  that  the  second  nitrogen  oxide  molecule  starts  to  be  substituted  only 
after  a  substantial  mono-substitution  to  the  DPA  has  taken  place. 

This  secondary  substitution  loads  to  the  formation  of  2,2'-dlnitrophenyl('Mine  (2,2'-dl-NDPA) 
2,4 '-di-NDPA,  4 ,4 '-di-NDPA,  NO-4-NDPA  and  N0-2-NDPA  in  concentrations  that  strongly  depend 
on  the  concentration  of  the  nitrogen  dioxide  and  on  the  temperature.  room  temperature 
N0-2-NDPA  and  NO-4-NDPA  appear  to  be  the  final  products  regardless  of  the  concentration 
of  nitrogen  dioxide  or  the  period  of  exposure.  At  elevated  temporctu'.e  the  di-nitro- 
compounds  appear  to  ».eact  further  under  the  formation  of  nitroso-di  'nitro  compounds, 
which  can  be  seen  by  the  350  X  shown  in  Fig.  5.  As  indicated  before  the  secondary 
addition  of  the  nitrogen  dioxide  takes  place  at  an  earlier  stage. 

From  the  initial  stages  of  each  step  in  the  addition  process  the  relationship 
between  the  reaction  rate  and  the  nitrogen  dioxide  concentration  can  be  obtained.  In 
simplified  form  this  relationship  may  be  expressed  by 

In  r  =  a  +  n  In  c 

where  the  reaction  rate  r  and  the  nitrogen  dioxide  concentration  c  are  related  by  the  order 
of  the  reaction  n  and  constant  a. 

The  order  of  the  reaction  n,  which  is  represented  by  the  slope  of  the  lines  in  Figure  7 
appears  to  be  0.8,  0.9  and  1.2  for  the  nitration  and  nitrosation  to  2-NDPA,  4-NDPA  and  to 
NO-DPA,  respectively.  By  performing  this  kind  of  experiment  at  various  temperatures  the 
activation  energies  of  the  Individual  reactions  could  be  obtained.  From  these  observations 
it  appears  that  the  nitrosation  reaction  dominates  at  lower  temperatures,  whereas  the 
nitration  reactions  start  to  prevail  at  higher  temperatures.  This  is  Illustrated  by  the 
changes  in  level  of  the  lines  in  Fig.  7. 

The  degradation  of  propellants  is  mainly  affected  by  temperature.  However,  the  oxygen 
concentrations  and  moisture  contents  appear  to  affect  the  degradation  process  as  well. 

The  influence  of  the  oxygen  concentration  on  the  thermal  degradation  ia  illustrated  in 
Figure  8.  In  Figures  9  and  10  typical  changes  in  stabilizer  composition  due  to  variations 
in  the  oxygen  concentration  are  shown  with  the  other  conditions  remaing  the  same. 
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Figure  10.  Changes  of  stabilizer  content  in  smokeless  powder 
decomposing  at  3S8  K. 

Conditions  :  90  %  N2,  lb  %  02  j  0.0  i  moisture  content. 


In  all  experimental  cases  we  observed  that  the  oxygen  concentration  is  potential  to  the 
excess  heat  generation  obtained  by  subtracting  the  "zero  oxygen”  heat  generation  from 
the  "oxygen  rich".  The  activation  energy  of  the  degradation  process  appears  to  be  xn- 
dependent  of  temperature.  This  indicates  that  oxygen  affects  only  post-degradation 
reactions  instead  of  the  degradation  process  itself.  The  influence  of  moisture  in  the 
propellant  has  been  investigated  for  a  sequence  of  temperatures  and  environmental 
oxygen  concentrations. 

Typical  results  concerning  the  thermal  behaviour  and  the  changes  in  composition 
are  shown  in  Figures  ll,  12  and  13.  In  Figure  11  the  characteristic  effect  of  oxygon 
on  the  degradation  process  is  encountered  again.  Moreover,  an  extra  heat  effect  caused 
by  the  amount  of  moisture,  appears  to  be  superposed  on  the  heat  generation. 


Figure  il.  Relationship  between  heat 
generation  and  time  as  a 
function  of  moisture  con¬ 
tent  and  environmental 
oxygen  concentration  at 
358  K. 


Figure  12.  Changes  of  stabilizers  content 
in  smokeless  powder  decomposing 
at  358  K. 

Conditions  :  100  %  N2  ;  2,4 

moisture  content. 


Figure  13.  Heat  generation  vs.  time  curves 
obtained  with  a  smokeless 
powder  stored  at  various  terapera- 
lures  in  the  range  3S8  -  378  K. 
Conditions:  100  %  N2  t  1,0  % 
moisture  content 


Figure  14.  Heat  generated  by  smokeless 

powder  as  a  function  of  tempera¬ 
ture  and  tlm.e. 

Conditions  :  90  %  N2  ,  10  %  02  ; 

1,0  9  moisture  content 


Such  an  effect  has  beer  observed  throughout  the  temperature  range  330  -  370K.  The  "overall" 
activation  energy  of  the  degradation  process,  calculated  for  each  water  content,  appeared 
to  decrease  with  increasing  content.  Therefore,  tht  amount  of  moisture  affects  the 
rate-determining  steps  of  the  decomposition  Itself.  Possible  explanations  for  this  kind 
of  behaviour  may  be  found  in  different  reaction  mechanisms,  increased  acidity,  obstructed 
mass  transfer  or  co:nbinatlonc  of  these  possibilities.  The  effect  of  the  de¬ 
creasing  moisture  content  on  the  changes  in  stabilizer  composition  (Figures  9  and  12) 
reflect  the  observations  of  U>o  thermal  analysis.  (Figs.  13  and  14). 

4.  DISCUSSION/CONCLUSIONS 

Environmental  storage  conditions  affect  the  stability  of  propellants.  Increased 
moisture  contents  and  increased  oxygen  concentrations  stimulate  the  degradation  process. 

The  thermal  behaviour  (heat  generation)  and  chemical  composition  (stability  composition) 
of  the  propellant  show  similar  tendencies  with  respect  to  the  thermal  degradation  process. 
The  strong  influence  of  environmental  conditions  emphasizes  that  a  comparison  botwcon 
experiments  is  only  acceptable  if  similar  conditions  are  used  in  the  experiments. 

The  oxygen  concentration  appears  to  have  no  influence  on  the  "overall"  activation 
energy,  thus  indicating  that  the  rate-determining  step  of  the  reaction  mechanism  is  not 
affected. 

Moisture  in  the  propellant  affects  the  rate-determining  stop  of  the  reaction  mecha¬ 
nism,  This  may  be  caused  by  an  increase  in  local  activity,  changes  in  mass  transfer,  etc. 

From  the  observations  it  may  be  concluded  that  the  pattern  .i  the  reactions  of 
nitrogen  dioxide  and  DPA  (and  derivatives)  only  shows  a  small  and  graoual  shift  for 
increasing  temperatures. 

The  thermal  stability  of  the  propellant  is  influenced  by  both  the  thermal  effect  and 
this  small  shift  in  pattern. 
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SUMMARY 

The  nonsteady  combustion  and  intrinsic  burning  stability  of  double  base  propellants 
are  studied.  Experimental  results  shov;  that,  over  a  large  pressure  range,  the  energetics 
and  the  dynamics  of  double  base  combustion  is  controlled  by  the  fizz  zone.  This  permits  the 
classical  quasi-steady  gas  phase  assumption  to  be  applied.  However,  a  novel  transient  flame 
modal  is  required,  since  the  fizz  zone,  although  thin  in  time,  is  thick  in  space.  This 
novel  transient  flame  model  Includes  several  previous  models  as  particular  cases;  in  addi¬ 
tion  it  allows  an  already  existing  nonlinear  burning  stability  theory  to  be  immediately 
applied  to  double  base  combustion.  Several  analytical  predictions  are  presented  and  some 
experimental  validations  discussed.  In  general,  double  base  burning  is  found  to  be  less 
stable  than  composite  propellant  burning,  both  statically  and  dynamically.  This  is  due  to 
the  rslatlvely  little  energy  stored  in  the  condensed  phase  and  elongated  fizz  zone  yield¬ 
ing  a  weak  energy  coupling  at  the  burning  surface. 


LIST  OF  SYMBOLS 


(  ) 

f(X,A) 


■^ref 


“ref 


b,ref 

R 


ref 

r 

s,ref 


=  specific  heat,  cal/g  K 
=  c/crefi  nondim.  specific  heat 
=  thickness,  cm 
“  activation  energy,  cal/mole 
=  E/«/T|  j  nondim. activation  energy 

“  nondim. function  depending  on  the  optical  properties  of  condensed  phase  and 
external  radiation  source 

o  I  nondim. external  radiant  flux 

o  ref 

“  Q/Q  nondim.  heat  release 

ref 

°  external  radiant  flux,  cal/cm^s 

»  thermal  conductivity,  cal/cra  s  K 
=  nondim.  thermal  conductivity 

=  parameter  of  a  transient  flame  model  (see  Sec.  4) 

°  ballistic  exponent 

=  pressure  exponent  in  the  pyrolysis  law 

°  pressure,  atm 
“  68  atm,  reference  pressure 

=  P/P^ef'  pressure 

=  nondim.  energy  flux 

°  heat  release,  cal/g  (positive  exothermic) 

=  ref'^ef*'  heat  release,  cal/g 

=  burning  rate,  cm/s 

®  r,  (p,  ,) ,  reference  burning  rate,  cro/s 
b  ref 

'  average  optical  reflectivity  of  the  burning  surface,  % 

=  r. /r.  nondim.  burning  rate 

b  u/ircx 

»  time,  s 

=  temperature,  K 

=  300  K,  reference  temperature 

=  ^g^Pjef*'  reference  surface  temperature,  K 

=  gas  velocity,  cm/s 
=  power  of  pyrolysis  law 

=  molecular  weight  of  the  gas  mixture,  g/mole 
=  space  variable,  cm 
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=  x/(ct  ,/r  ,) 

ref  b,ref 


,  nondim.  space  variable 


Greek  Symbols 


Y 

6 

e 

6 


(  ) 


=  thermal  diffusivity,  cm*/s;  also:  parameter  of  a  transient  flame  model  (see  Sec. 4) 
=  paramenter  of  a  transient  flame  model  (see  Sec.  4) 

=  paramenter  of  a  transient  flame  model  (see  Sec.  4) 

=  d/(a  r  f  * '  thickness 

=  nondim.  reSction  rate 

=  average  optical  emissivity  of  the  burning  surface,  % 

=  (T-T  ,) / (T  ,-T  ,) ,  nondim.  temperature 

ref  s,ref  ref 


temperature 


ref 


=  T,  ,/T,  ,  ,,  nondim. 

(  )  (  ) ,ref' 

=  wavelength,  iim 

=  1.37x10"**  cal/cm*3  K*,  Stefan-Boltzmann  constant 
=  *=/'“ref/*'b,ref’' 

=  Q,p  e  ,  heat  release  rate  per  unit  volume,  cal/cm*s 
f  g  g 

=  0  c  ,  r,  .(T  ,-T  ,) ,  reference  energy  flux,  cal/cm's 

c  ref  b,ref  o,ref  ref 


Subscripts  and  Superscripts 


c 

a 

condensed  phase 

d2 

s 

dark  zone 

f 

= 

flame 

fz 

3 

fizz  zone 

g 

3 

gas  phase 

out 

8 

out  from  the  system 

s 

S 

burning  surface 

C/S 

8 

burning  surface,  condensed  phase  side 

g/s 

8 

burning  surface,  gas  phase  side 

ref 

a 

reference 

X 

8 

spectral 

<  > 

8 

average  value 

- 

a 

steady  state 

0 

a 

at  the  burning  surface 

a 

far  upstream 

*• 

3 

dimensional  value 

Abbreviations 

AP 

a 

Ammonium  Perchlorate  (NHi,C10i,) 

DB 

a 

Double  Base 

KTSS 

s 

Krier-T' 1 en-Sirlgnano-Suramerfleld 

KZ 

s 

Kooker-Zinn 

DC 

a 

Levine-Culick 

MTS 

a 

Merkle-Turk-Suromerfield 

PDL 

- 

Pressure  Deflagration  Limit 

1  -  BACKGROUND 

Double  base  (DB)  propellants  are  still  widely  used  in  solid  rocket  propulsion,  both 
as  main  component  or  in  combination  with  more  energetic  ingredients.  A  particular  advantage 
of  DB  propellants  is  that  tailoring  of  the  burning  rate  vs  pressure  is  easily  feasible  by 
means  of  appropriate  small  amount  of  special  additives  called  (burning  rate)  catalysts. 
Although  this  technology  goes  back  to  the  '40,  the  scientific  understanding  of  transient 
burning  and  combustion  stability  of  DB  compositions  (catalyzed  or  uncatalyzed)  is  poor. 

Many  factors  can  be  Invoked  to  excuse  this  lack  of  understanding,  but  of  paramount 
importance  appears  the  non  availability  of  an  appropriate  transient  flame  model.  It  may 
be  surprising  that  such  models.  Instead,  do  exist  for  composite  propellants,  distinctly 
of  much  more  complex  structure  in  the  condensed  phase.  The  reason  is  the  fact  the  flames 
associated  with  composite  propellants  are  thin  in  space  and  time  (compared  with  the 
corresponding  condensed  phase  quantities)  under  most  operating  conditions.  This  allows  the 
quasi-steady  gas  phase  assumption  to  be  implemented.  A  tacit  corollary  also  follows:  the 
specific  space  distribution  of  the  gas  phase  heat  release  is  inessential,  since  heat  re¬ 
lease  occurs  any  way  near  the  burning  surface.  Consequently,  many  researchers  successfully 
followed  the  initial  suggestion  by  Summerfield  and  coworkers  (Ref.  1)  of  a  uniform  distri¬ 
bution  of  heat  release  in  a  spaoewise  thin  layer  adjacent  to  the  burning  surface  (Refs.2-3) . 
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Another  line  of  modeling,  based  on  Dirac  function  (Refs.  4-5),  will  be  discussed  later. 

For  double  base  propellants  the  physical  picture  is  different.  For  standard  compo¬ 
sitions,  up  to  100  atm,  the  overall  flame  appears  with  a  well  defined  structure  (see 
Fig.  1)  and  rather  thick  both  in  space  as  well  time.  The  frequent  addition  of  catalysts 
makes  even  more  complicated  the  microscopic  structure  of  the  issuing  flame, especially 
very  near  the  burning  surface,  but  does  not  affect  its  overall  look.  What  aje  the  effects 
of  such  a  complex  and  thick  structure  on  the  dyncimio  burning  of  DB  propellan  .s?  How  is 
their  (intrinsic)  combustion  stability  affected? 

In  order  to  answer  these  questions,  the  basic  physical  picture  has  to  be  understood 
and  accounted  for.  Then,  the  main  purpose  of  this  paper  is  to  predict  dynamic  burning  and 
combustion  stability  features  of  DB  propellants  by  properly  modeling  the  associated 
transient  flame.  To  reach  this  objective,  first  the  steady  flame  structure  of  DB  propellants 
shall  be  defined  experimentally  (Sec.  2),  consequently  assumptions  and  governing  equations 
shall  shortly  be  revised  (Sec.  3),  while  a  more  detailed  exposure  shall  be  provided  of 
the  proposed  new  transient  flame  model  (Sec.  4).  At  this  point,  the  overall  approach  can 
rest  on  a  firm  ground  (Refs. 6-12):  a  nonlinear  burning  stability  theory,  already  reasona¬ 
bly  well  established  for  composite  propellants,  can  easily  be  extended  to  DB  propellants 
(Sec.  5).  Numerical  validation  of  this  analytical  procedure  shall  not  be  repeated  here, 
since  literally  hundreds  of  tests  were  successfully  performed  by  this  research  group  in 
the  past  (Ref.  12).  Experimental  validation  of  dynamic  stability,  for  a  matter  of  time, 
is  limited  to  fast  depressurization  tests  (Sec.  6);  other  dynamic  burning  tests  are  in 
progress.  Conclusions  (Sec.  7)  and  Future  Work  (Sec.  8)  will  end  this  paper. 

To  avoid  a  misunderstanding  commonly  encountered  in  this  line  of  research,  it  is 
emphasized  that  nonlinear  burning  stability  analyses  by  definition  require  modeling  of 
transient  flames.  Steady  state  combustion  is  incorporated  in  the  transient  flame  model 
by  means  of  experimental  information.  It  is  also  emphasized  that  this  research  group 
(e.g.,  Refs.  6-12)  for  more  than  a  decade  has  been  putting  forward  a  general  nonlinear 
burning  stability  theory  (including  as  special  problems  oscillatory  combustion,  pressure 
deflagration  limit,  dynamic  extinction  by  depressurization  or  deradiation,  and  so  on) 
based  on  fundamental  therraoklnetic  processes,  not  ad  hoc  mechanisms  for  each  specific 
problem . 


2  -  FLAME  STRUCTURE  OF  DOUBLE  BASE  PROPELLANTS 

The  typical  aspect  of  a  DB  propellant  combustion  wave,  propagating  under  steady 
conditions,  is  well  known:  the  qualitative  sketch  of  Fig.  1  underlines  the  existence  of 
a  complex  multi-zone  flame  structure.  A  large  number  of  experimental  investigations  was 
carried  out,  over  several  decades,  to  define  the  relevant  parameters  of  DB  burning  in  'a 
wide  range  of  operating  conditions;  for  a  good  summary.  Ref.  13  is  recommended.  In  spite 
of  that,  the  comprehension  of  what  are  the  really  important  aspects  of  db  flame  structure 
is  still  unsatisfactory. 

In  this  section,  significant  experimental  data  collected  in  this  laboratory  are 
summarized.  The  specific  intent  was  to  make  available  enough  experimental  information 
to  formulate  a  transient  flame  model  appropriate  for  OB  burning.  Several  diagnostic 
techniques  under  steady  burning  were  implemented.  Steady  burning  rates  were  measured, in 
three  different  combustion  chambers,  over  the  pressure  range  0.1  to  250  atm  by  nonintru- 
slve  optical  methods.  Steady  thermal  profiles  were  collected,  over  the  pressure  range  0,1 
to  38  atm,  by  microthermocouples  imbedded  in  the  propellant  sample.  Steady  gas  velocities 
in  the  dark  zone  were  measured,  over  the  pressure  range  10  to  35  atm,  by  means  of  a  LDV 
system. 

The  solid  propellant  under  examination  was  mainly  a  catalyzed  DB  composition  of 
current  production  by  a  national  manufacturer.  Unfortunately,  we  are  not  permitted  to 
publish  its  composition  (unknown  even  to  the  authors)  and  the  relevant  quantitative  data 
measured  in  this  laboratory.  However,  our  experimental  results  do  not  differ  from  others 
reported  in  the  open  literature.  The  important  remark  in  our  opinion  is  that  properly 
analyzing  and  contrasting  data  sets,  collected  by  different  experimental  techniques, 
substantially  helps  in  locating  where  (and  hopefully  unders .ariding  how)  controlling 
mechanisms  occur. 

Electrically  welded  Pt/Pt-Rh  microthermocouples  with  a  bead  down  to  5  ym  were  used; 
signals  were  digitally  recorded.  A  typical  output  is  shown  in  Fig.  2  (the  associated 
curve  will  be  discussed  later) .  The  gas  phase  thermal  profiles  were  corrected  by  the 
radiative  heat  losses  from  the  hot  bead  toward  the  cold  surroundings.  From  microthermo- 
oouple  recordings-one  can  evaluate  in  particular  the  surface  temperature  Pg,  the  dark 
zone  temperature  T^z,  and  the  thickness  of  the  relevant  zones  both  in  the  condensed  and 
gaseous  phases.  Although  quite  delicate,  one  can  also  estimate  the  thermal  gradient  at 
the  gas  phase  side  (dT/dx)g^g  of  the  burning  surface.  From  the  ensemble  of  these  steady 
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State- measurements/  one  can  reconstruct  the  detailed  steady  state  energetics  of  the  combu¬ 
stion  wave  within  reasonable  bounds.  Since  the  dark  zone  features  a  constant  temperature 
profile,  the  luminous  zone  is  effectively  filtered  away  from  the  burning  surface  up  to 
at  least  150  atm  for  the  tested  composition.  This  well  known  result  (e.g.,  consult  Ref. 13) 
allows  our  attention  to  be  focused  on  the  fizz  zone. 

Nevertheless,  the  dark  zone  deserves  some  attention  because,  being  isothermal  and 
very  thick  in  space,  permits  convenient  experimental  diagnoses.  Of  course,  dark  zone 
experimental  data  provide  an  upper  or  lower  boundary  (depending  on  the  measured  quantity) 
for  the  fizz  zone  experimental  data.  Typically,  a  LDV  system,  based  on  a  15  mW  He-Ne  laser 
emitting  at  632.8  nm,  produced  significant  results  when  probing  in  the  dark  zone  but  not 
in  the  fizz  zone.  Both  the  gas  velocity  in  the  dark  zone  (Fig.  3)  and  the  actual  thickness 
of  the  dark  zone  could  be  easily  obtained  in  the  pressure  range  10  to  35  atm. 

Combining  burning  rate,  temperature,  and  gas  velocity  data,  it  is  straightforward  to 
obtain  the  characteristic  times  plotted  in  Fig.  4  for_the  condensed  phase  (tj.=dc/rij) ,  the 
fizz  zone  (tf2-df2/<uf2>)  ,and  the  dark  zone  (t^zHd^^/Udz' •  should  be  noted  that  d^  and 
and  dfz  are  the  thicknesses  of  the  condensed  phase  thermal  layer  and  the  fizz  zone  thermal 
layer,  defined  as  the  distance  to  travel  away  from  the  burning  surface  to  recover  95%  of 
the  corresponding  temperature  excursion.  On  the  contrary,  d^z  is  the  actual  thickness  of 
the  dark  zone  measured  by  LDV.  The  guantity  <U£2>  is  the  average  gas  velocity  in  the  fizz 
zone  obtained  as  (Ug+u^zi/^,  being  u^z  measured  by  LDV  and  Ug  the  gas  velocity  just  down¬ 
stream  of  the  burning  surface  computed  from  mass  conservation  combined  with  state  equation. 

The  basic  message  contained  in  Fig.  4  is  that  the  characteristic  time  of  the  fizz 
zone  is  orders  of  magnitude  smaller  than  the  characteristic  time  of  the  condensed  phase. 
Since  the  fizz  zone  is  the  controlling  sub-structure  for  the  energetics  of  the  overall 
combustion  wave,  the  results  of  Fig.  4  allow  the  classical  quasi-steady  gas  phase  assump¬ 
tion  to  be  applied  to  DB  burning.  This  is  a  robust  conclusion. 

From  this  point  on,  only  fizz  zone  will  be  dealt  with.  Dark  zone  and  luminous  zone 
will  be  put  aside.  Flame  model  for  a  DB  actually  means  fizz  zone  model. 


3  -  ASSUMPTIONS  AND  GOVERNING  EQUATIONS 

Consider  a  strand  of  solid  material  burning,  without  velocity  coupling,  in  a  vessel  at 
uniform  pressure  and  subjected  to  a  radiant  flux  originated  esclusively  from  a  continous 
wave  external  source.  Assume  monodimensional  processes,  no  radiation  scattering,  no 
photochemistry,  and  irreversible  gasification  at  the  burning  surface.  For  nondimensiona- 
lizlng  take  as  reference  values  those  associated  with  the  conductive  thermal  wave  in  the 
condensed  phase  at  68  atm  and  adiabatic  combustion.  Define  a  cartesian  x-axis  with  its 
origin  anchored  at  the  burning  surface. 

The  nondimensional  energy  equation  in  the  condensed  phase  (Xf0,T50)  Isi 


(3.1) 
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where  C(,(0)  and  K5(9)  are  arbitrarily  assigned  temperature  dependent  specific  heat  and 
thermal  conductivity;  f(X,X)  is  an  arbitrarily  assigned  function  depending  on  the_optioal 
properties  of  the  condensed  phase  and  nature  of  the  (external)  radiation  source;  9(X)  is 
the  initial  steady  temperature  profile. 


The  heat  release  at  the  burning  surface  is: 


(3.5)  ”s<P'®sl  =  “a'PI  -  _  C^(0)de 


*  S  '8s'®s' 


where  Hs(P)  is  the  nondimensional  heat  release  at  the  operating  pressure  under  steady 
conditions.  The  pressure  dependent  pyrolysis  law  at  the  burning  surface  is  assumed  as 
follows: 


R 


exp  {-Eg(;jr-  -  D) 


(3.6) 
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T  -T  w 

(3.7)  R  =  p"® 

m 

(3.8)  R  =  0  T  5T  50 

m  s 

where  Eg  and  ng  are  determined  by  the  best  fitting  of  experimental  data,  under  steady  and 
adiabatic  burning,  over  the  available  pressure  range. 

The  term  qgut  this  report  accounts  only  for  radiative  heat  loss  from  the  burning 
surface 


(3.9) 
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Usually,  the  average  emissivity  of  the  burning  surface  was  tal<en  as  ?\=0.75.  But  analyti¬ 
cal  predictions  and  numerical  results  showed  vanishing  influences  of  the  radiative  heat 
loss  even  for  7x=1.  The  heat  feedbaclc  from  the  gas  phase  to  the  burning  surface 
(K  38/3X)  will  be  discussed  in  Section  4. 


4  -  A  FAMILY  OF  TRANSIENT  FLAME  MODELS 


As  a  prelminary  remarlt,  recall  that  "flame"  actually  means  fizz  zone  for  DB  burning 
(see  Sec.  2) .  For  any  flame  behaving  according  to  the  quasi-steady  gas  phase  assumption, 
the  nondimensional  energy  equation  is: 


(4.1) 
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where  e-Pg/p^  is  the  mass  reaction  rate  per  unit  volume.  A  formal  Integration  provides  the 
conductive  heat  feedbaclt  from  the  gas  phase  to  the  burning  surface 


(4.2) 
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where  the  usual  assumption  is  made  that 

(4.3)  (30/3X)  »  (30/3X),  exp(-R*<T '  >) . 

g,s  f  f 


The  quantity  is  su  average  time  parameter  of  the  flame,  conveniently  defined  (Ref.4)as 


(4.4) 


<T'^> 


where  tf  is  the  residence  time  in  the  flame.  Resorting  to  the  quasi-steady  mass  conserva¬ 
tion  in  the  gas  phase,  one  finds 


(4.5) 
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and 


<^’f>  =  ^  T  • 
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It  should  be  clear  that  the  formal  Integration  of  Eq.  4.2  holds  true  for  any  integra- 
ble  expression  of  the  heat  release  rate  Hftgpg/pc"  How  can  this  quantity  be  modeled? 

Loolcing  bacl<  in  the  literature  one  can  distinguish  two  main  avenues;  several  models 
(notably  KTSS,  KZ,  and  LC  respectively  reported  in  Refs.  1-3)  assume  a  spatially  thin 
reacting  region,  of  constant  heat  release  rate,  attached  to  the  burning  surface 
(“anchored  flames");  other  models  (Ref.  5)  assume  a  "flame  sheet"  (mathematically  described 
by  a  Dirac  function  and  therefore  implying  a  reacting  region  of  vanishing  thlcltness) 
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located  somewhere  in  the  gaseous  region.  Other  models,  notably  MTS  (Ref.  4),  assume  a 
weighted  combination  of  the  two  flames.  Experimental  evidence  shows  that  both  kinds  of 
model  yield  a  qualitatively  wrong  temperature  distribution  in  the  flame.  In  particular,  a 
large  collection  of  temperature  profiles  from  this  research  group  and  a  wealth  of  other 
laboratories  (e.g.,  consult  Refs.  13-14)  consistently  shows  a  convex  temperature  distri¬ 
bution,  increasing  more  and  more  slowly  while  approaching  the  maximum  value  (see  Fig. 2) . 
Yet,  anchored  flame  models  essentially  predict  a  linear  temperature  distribution,  while 
flame  sheet  models  predict  a  concave  temperature  distribution.  In  addition,  if  we  conven¬ 
tionally  define  the  flame  thickness  as  the  distance  to  travel  from  the  burning  surface  to 
reach  0.9S  (Tf-Ts) ,  it  turns  out  that  the  flame  thicknesses  experimentally  evaluated  are 
much  larger  than  the  values  predicted  by  anchored  flame  models.  In  the  case  of  flame 
sheet  models,  the  reacting  region  is  vanishingly  small  while,  at  least  in  principle,  the 
maximum  temperature  point  can  be  located  anywhere  (but  usually  is  placed  at  a  distance 
from  the  burning  surface  even  shorter  than  for  anchored  flames) . 

To  understand,  the  reason  of  these  obvious  discrepancies  between  the  experimental 
picture  and  the  available  transient  flame  models,  the  steady  heat  release  distribution 
»(x)=QfPgeg  was  worked  back,  according  to  Eq.  4,1,  from  several  experimental  temperature 
profiles,  collected  under  steady  burning  of  the  tested  propellant.  It  should  be  obvious 
that  any  transient  flame  model  should  recover  steady  state  results  as  a  particular  case. 

An  example  of  this  exercise  is  shown  in  Fig.  2.  The  general  trend  of  this  and  other  heat 
release  profiles  is  that,  while  a  large  fraction  of  the  totally  available  energy  is 
deposited  very  close  to  the  burning  surface,  an  equally  important  remaining  fraction  is 
delivered  in  a  long  tail  elongating  relatively  far  from  the  burning  surface.  This  "comet 
effect"  is  totally  missing  in  the  current  transient  flame  models!  anchored  flames  over¬ 
estimate  the  importance  of  the  heat  release  near  the  burning  surface  by  compressing  the 
tail  into  the  head  of  the  comet,  while  flame  sheets  feature  just  the  opposite  effect  than 
the  comet  picture  (concentrated  rather  than  distributed  heat  release) . 

Dramatic  consequences  of  the  implemented  heat  release  profile  can  be  perceived  under 
most  nonlinear  dynamic  burning  conditions.  In  general, combustion  stability  is  vigorous 
for  anchored  flames  assuring  a  strong  energetic  coupling  at  the  burning  surface,  whereas 
it  is  just  fair  for  distributed  flames  with  a  long  tall  capable  to  assure  only  a  weak 
energetic  coupling  at  the  burning  surface!  for  flame  sheets, combustion  stability  depends 
on  where  the  Dirac  function  is  located.  For  example,  dynamic  extinction  by  depressuriza¬ 
tion  is  much  easier  for  fl2unes  with  a  long  tail  than  for  anchored  flames. 

The  distinct  feature  of  DB  burning  is  that  the  fizz  zone,  although  thin  in  time,  is 
thick  in  space  due  to  its  long  tail.  How  can  we  model  flames  with  elongated  tail?  An  over¬ 
all  m.eohanism  will  do  it, as  usual.  Considering  the  nature  of  the  experimental  temperature 
profiles  collected  in  this  laboratory  and  some  hints  from  the  literature  (of  particular 
importance  being  an  excellent  contribution  by  Zsnin  in  Ref.  15),  the  following  nonuniform 
heat  release  distribution  (sec  Fig,  5) ,  containing  tho  essential  structure  of  elongated 
flames,  is  proposed! 

0  <  X  ..<  aX^ 
aXj  ..<  X  <  Xj 


(4.7) 


f  9  P, 


'  "f«  ^ 


1-X/X 


“f"  1-a 
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where  M  is  the  maximum  value  of  the  reaction  rate,  a  gives  the  fraction  of  the  flame  thick¬ 
ness  at  which  this  maximum  value  occurs,  6  gives  the  reaction  rate  at  the  burning  surface 
(X=0*)  as  a  fraction  of  the  maximum  value  M,  y  Ip  a  power  describing  quantitatively  the 
tall  of  the  heat  release  profile.  By  definition 

0  S  a  $  1  and  0  i  6  J  1  , 

while  mass  conservation  requires 


(4.8) 
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Remark  that  for  o=6»1  (for  this  combination  y  becomes  irrelevant) ,  the  proposed 
transient  flame  model  recovers  the  nonlinear  versions  of  KTSS,  KZ,  and  LC  models  as  parti¬ 
cular  cases.  Among  the  three  parameters  Introduced  (a,8,Y),  Y  is  the  most  important;  a  and 
8  will  only  occasionally  be  used  in  this  paper  to  compare  results  with  anchored  flames.  In 
general  y=Y(1’)/  in  such  a  way  that  Xf  follows  the  trend  experimentally  observed  by  micro- 
thermocouples.  In  this  paper,  y=3  already  gives  results  overall  vary  satisfactory.  Remark 


10-7 


that  the  flame  thickness  predicted  by  elongated  flame  models  is  y+1  times  larger  than  the 
thickness  predicted  by  anchored  flame  models. 

Substituting  into  Eq.  4.2  and  integrating,  one  finds  for  the  heat  feedback 


(4.9) 
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Examples  of  steady  temperature  profiles  computed  according  to  Eq.s  4. 7-4. 8  are  shown 
in  Fig.  6,  contrasted  with  some  profiles  computed  according  to  anchored  flame  models.  The 
tall  elongation  can  be  adjusted  closely  to  the  experimental  value,  but  for  the  sake  of 
simplicity  in  this  paper  only  y°3  Is  used. 

As  to  the  characteristic  time  (or  time  parameter)  of  the  flame,  the  usual  approach  is 
to  consider  only  their  pressure  dependence,  assumed  to  be  the  same  (whatever  this  is)  under 
steady  or  transient  conditions.  Actually,  it  is  pliyslcally  obvious  that  the  characteristic 
time  also  will  undergo  dynamic  effects,  especially  due  to  transient  temperature  effects 
on  chemical  kinetics. Only  MTS  model(Ref. 4)  clearly  recognized  this  and  explicitly  enforced 
pressure  and  temperature  dependence  for  its  relevant  c))aractcrlstic  times  (mass  diffusion 
and  chemical  kinetics). In  this  work, first  T£(P)  was  implemented  and  then  Tf(P,0)!  the  over¬ 
all  effect  is  that  Tf (P, 6) further  reduces  combustion  stability, both  statically  and  dynamically . 

A  gas  phase  working  map  can  now  be  constructed  easily,  as  shown  in  Fig.  7,  A  compa¬ 
rison  with  anchored  flames  is  presented  at  30  atm,  suggesting  that  KTSS  or  KZ  or  LC  flames 
for  an  identical  set  of  data  predict  a  larger  (or  smaller)  heat  feedback  for  the  same 
decrease (or  lncreaae)of  the  burning  rate  from  its  steady  value.  This  implies  a  stronger 
combustion  stability  for  KTSS  or  KZ  or  LC  flames  rather  than  elongated  flames  with  Y“3. 

As  a  further  remark,  note  that  reaching  the  static  burning  limit  requires  an  heat  loss 
of  149  cal/om*a  for  elongated  flames  with  Y“3,  a  value  rather  small  compared  with  those 
obtained  by  implementing  anchored  flames  (e.g.,  consult  Ref.  12). 


5  -  NONLINEAR  STABILITY 

Having  reduced  the  flame  of  DB  propellants  to  the  fizz  zone  only  (in  that,  dark  zone 
and  luminous  zone  are  in  no  way  controlling  steps  for  the  tested  DB  composition  up  to  at 
least  150  atm)  and  having  modeled  the  elongated  flame  representative  of  the  fizz  zone, 
the  nonlinear  burning  stability  analysis  of  DB  propellants  is  now  a  straightforward  matter. 
The  theory  is  exactly  that  already  developed, under  broad  provisions,  for  unmetallized  AP- 
based  composite  propellants  (Refs,  6-7);  the  only  essential  assumption  is  that  of  quasi- 
steady  gas  phase  gamely  the  fizz  zone  in  the  case  of  DB  propellants) , 

An  approximate  analytical  procedure,  fully  preserving  the  strong  nonlinearity  of  the 
problem,  allows  the  stability  properties  burled  in  the  set  of  equations  of  Sec.s  3-4  to 
be  unfolded.  The  mathematical  technique  and  its  numerical  validation  were  extensively 
discussed  in  a  recent  report  (Ref.  12)  and  will  not  be  repeated  here;  the  basic  ideas  can 
also  be  found  in  a  bunch  of  published  papers  (e.g.,  see  Refs.  6-11).  It  is  only  recalled 
that  this  analysis  sheds  light  on  both  static  burning  stability  (the  capability  of  a 
given  steady  burning  configuration  to  keep  Itself  unchanged  in  time)  and  dynamic  burning 
stability  (the  capability  of  a  burning  propellant  to  avoid  unwanted  extinction) . 

Results  can  be  conveniently  expressed  by  means  of  bifurcation  diagrams,  where  the 
abscissa  is  the  parameter  of  Interest  (pressure  or  heat  release  or  activation  energy  and 
so  on)  and  the  ordinate  is  the  surface  temperature  (taken  as  representative  of  the  com¬ 
bustion  event).  A  bifurcation  diagram  for  the  surface  heat  release  Qg  is  shown  in  Fig.  8, 
suggesting  at  30  atm  the  existence  of  time-invariant  steady  solution  for  QgOI?  cal/g, 
self-sustained  steady  solution  for  117  cal/g  <  Qg  <  124  cal/g  and  just  no  possible  steady 
solution  for  Qg  >  124  cal/g.  The  special  value  Qg  a  117  cal/g,  for  which  the  steady  solu¬ 
tion  bifurcates  (i.e.,  changes  its  character  from  time-invariant  to  self-sustained  oscilla- 
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tory)  is  called  the  bifurcation  value  of  Qs  at  30  atm.  The  lower  branch  of  the  S-shaped 
curve  defines  the  dynamic  extinction  boundary:  when  the  surface  temperature  drops  even 
momentarily  below  this  boundary  extinction  necessarily  follows  for  mpnotonic  decreases  of 
the  forcing  function  (e.g.,  dynamic  extinction  by  depressurization  when  pressure  is  the 
forcing  function) .  Similar  remarks  hold  true  at  70  atm/  with  the  only  significant  diffe¬ 
rence  that  the  bifurcation  value  is  larger  {129  cal/g) ,  implying  a  stronger  static 
burning  stability  of  the  tested  DB  composition  for  increasing  pressure. 

Another  bifurcation  diagram  is  shown  in  Fig.  9  for  the  operating  pressure  p.  This 
plot  shows  that  the  DB  propellant  under  scrutiny  is  statically  stable  over  a  very  large 
pressure  range#  including  atmospheric  pressure.  Some  limited  static  combustion  instabili¬ 
ty  is  suggested  only  around  0.1  atm;  however,  the  validity  of  the  overall  model  in  such  a 
low  pressure  range  is  doubtful  and  in  any  event  not  sought  for.  On  the  contrary,  the 
dynamic  extinction  limit  (again  given  by  the  lower  branch  of  S-shaped  curve)  is  surpri¬ 
singly  large.  This  suggests  a  weak  resistance  to  dynamic  extinction, for  example  as 
compared  to  AP-based  composite  propellants. 

A  third  bifurcation  diagram  is  shown  in  Fig.  10  for  the  effects  of  the  dark  zone 
temperature  (or  end  fizz  zone  temperature)  at  30  and  70  atm.  The  surprising  (perhaps) 
prediction  is  that,  for  T^jj  values  sufficiently  low  (below  1010  K  at  70  atm  or  965  K  at 
30  atm) ,  steady  burning  becomes  statically  unstable  and  only  the  extinguished  state  is 
allowed  as  a  steady  solution.  The  reason  of  this  dramatic  effect  is  that,  for  T(}2 
creasing,  decreases  (being  T^  and  Qg  kept  constant) ;  therefore  limiting  lower  values 
of  T^2  are  actually  limiting  lower  values  of  Qfg  (respectively  about  200  cal/g  and  170 
cal/g  at  70  and  30  atm).  The  experteentally  evaluated  values  of  T^j  are  around  1700  K. 
These  analytical  predictions  were  successfully  confirmed  by  direct  numerical  integration 
of  the  governing  set  of  equations. 

For  a  matter  of  space,  this  section  is  not  further  developed.  The  basic  message  is 
that  the  broad  theory  reasonably  established  for  heterogenous  thin  flames  (Refs.  6-12) 
is  fully  exploitable,  once  a  proper  flame  model  is  Implemented  for  the  fizz  zone  of  DB 
propellants.  In  particular,  the  effects  on  static  and  dynamic  burning  stability  of  any 
parameter  of  Interest  can  be  easily  assessed,  as  shown  in  Figs.  8-10.  Moreover,  compa¬ 
risons  between  different  classes  of  solid  propellants  can  be  easily  carried  out  (e.g,,  DB 
against  AP-based  composite  propellants)  if  only  the  appropriate  transient  flame  models 
and  sets  of  thermophysical  data  are  Implemented. 


6  -  EXPERIMENTAI,  VALIDATION 

Experimental  validation  of  a  burning  stability  theory  is  usually  immediate  for  its 
static  part,  but  quite  complex  for  its  dynamic  part.  For  example,  the  sheer  fact  that 
steady  combustion  of  the  tested  DB  composition  is  time-invariant  for  a  pressure  range 
extending  at  least  from  atmospheric  to  150  atm  fully  confirms  t(ie  analytical  predictions 
graphically  shown  in  Fig.  9.  In  particular,  steady  combustion  of  the  tested  DB  composition 
is  time-invariant  at  30  atm,  just  as  expected  from  the  analytical  predictions  of  Fig.  8, 
being  Qs  =  91  cal/g  less  than  the  bifurcation  value  (»117  cal/g)  at  30  atm.  Likewise,  at 
70  atm  Qs  -  98  cal/g  is  less  than  the  bifurcation  value  (»129  cal/g)  at  that  pressure 
and  therefore  the  steady  combustion  of  the  tested  D3  composition  is  expected  to  be  time- 
invariant,  just  as  experimentally  observed.  Similar  remarks  hold  true  for  the  analytical 
predictions  of  Fig.  10. 

As  to  the  static  burning  stability,  another  property  that  this  theoretical  approach 
is  in  principle  capable  to  predict  is  the  pressure  deflagration  limit  (PDL)  of  a  sol'd 
propellant  (Refs.  10-11).  For  the  tested  DB  composition,  the  analytical  results  graphy- 
cally  shown  in  Fig.  9  predict  a  PDL  a  0.03  atm.  Although  we  are  very  skeptical  about  the 
applicability  of  the  physical  model  (not  of  the  stability  theory)  in  such  a  marginal 
pressure  range,  it  is  however  reassuring  that  the  tested  DB  composition  was  burnt  without 
problems  down  to  0.1  atm. 

Testing  dynamic  burning  stability  is  very  difficult,  because  one  should  measure  un¬ 
steady  burning  rate  under  widely  changing  operating  conditions.  An  alternative  experimen¬ 
tal  approach  that  this  research  group  has  found  convenient  to  exploit  over  the  years  is 
the  go/no-go  depressurization  test  (Refs.  8-9).  This  procedure  is  relatively  easy  to 
perform,  if  well  realized  it  yields  unequivocal  results  (dynam-.c  extinction  or  continued 
burning),  is  equally  applicable  to  all  propellants,  probes  the  dynamic  as  well  as  static 
burning  behavior  over  a  large  pressure  interval,  and  finally  is  a  direct  test  of  a  very 
sensitive  result  of  the  whole  burning  stability  theory;  the  existence  of  a  dynamic 
extinction  limit  as  a  property  of  the  solid  propellant.  The  analytical  predictions  for 
the  tested  DB  composition  are  shown  in  Fig.  9  and  were  shortly  discussed  in  Sec.  5.  It 
is  important  to  remark  that  the  theory  predicts  the  overall  effect  of  the  crossing  of 
the  dynamic  extinction  boundary  (extinction  or  burning) ,  but  not  the  instantaneous  values 
oi  burning  rate. 
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Experimental  results  of  go/no-go  depressurization  tests  were  collected  with  an 
apparatus  similar  to  that  fully  described  in  Ref.  8.  For  the  time  being,  available 
results  include  runs  from  an  initial  pressure  15  to  70  atm  to  final  pressure  1  atm,  as 
shown  in  Fig.  11.  The  .experimental  go/no-go  boundary,  separating  an  upper  region  of 
dynamic  extinction  from  a  lower  region  of  continued  burning,  is  a  straight  line.  A  simi¬ 
lar  result  was  found  fo .  unmetallized  AP-based  composite  propellants  (Refs.  8-9),  but  the 
maximum  depressurization  rate  required  for  extinction  was  about  twice  as  large  that 
required  for  extinction  of  the  tested  DB  composition.  Numerical  results,  obtained  by 
implementing  an  elongated  flame  model  with  y=3  and  a  fizz  zone  characteristic  time 
depending  both  on  pressure  and  temperature,  feature  a  good  agreement.  Other  numerical 
results,  obtained  by  implementing  an  elongated  flame  model  with  y=1  and  a  fizz  zone 
characteristic  time  depending  on  pressure  and  temperature  according  to  a  different 
formalism,  feature  a  less  satisfactory  agreement  especially  for  large  values  of  the 
initial  pressure. 

It  may  be  of  Interest  to  know  that  further  numerical  results,  obtained  by 
implementing  a  nonlinear  version  of  KZ  flame  model  with  a  fizz  zone  characteristic  time 
depending  only  on  pressure,  gave  bad  result.-^,  as  shown  again  in  Fig.  11.  As  matter  of 
fact,  KZ  flame  model,  although  initially  proposed  specifically  for  DB  propellants,  is 
just  a  special  case  of  anchored  flame  (constant  heat  release,  attached  to  the  burning 
surface) .  Consequently,  the  flame  is  spatially  very  thin  but  vigorous  and  the  energetic 
coupling  at  the  burning  surface  very  strong.  This  in  turn  requires  an  excessively  large 
depressurization  rate  to  produce  extinction. 


7  -  CONCLUSIONS 

Flames  of  DB  propellants  are  thick  in  space  and  time.  However,  for  pressures  up 
to  at  least  100  atm  with  standard  compositions,  the  energetics  of  the  heterogenous 
combustion  wave  associated  wit).  DB  propellants  is  controlled  by  the  fizz  zone  and  its 
dynamics  can  be  described  by  treating  the  fizz  zone  as  quasi-steady.  The  fizz  zone 
features  complex  chemical  patterns  yielding  a  reactive  region  with  an  elongated  tall 
(comet-like  flame,  thin  in  time  but  not  in  space).  After  properly  modeling  this  flame, 
the  overall  problem  ( '  DB  burning  stability  is  reduced  to  applying  an  already  established 
mathematical  approach. 

A  systematic  predictive  analysis  at  this  point  reveals  that  burning  of  DB  is  in 
general  less  stable  than  burning  of  composite  AP-based  propellants.  At  least  two  reasons 
conspire  against  DB  burning  stabilityitherraophysical  properties  are  such  that  relatively 
little  energy  is  stored  in  the  condensed  phase  and  the  energy  coupling  at  the  burning 
surface  is  weak  due  to  the  elongated  structure  of  the  fizz  zone.  A  third  reason  adding 
against  DB  burning  stability  is  the  probable  presence  of  important  chemical  reactions 
distributed  in  the  condensed  phase;  for  a  matter  of  time,  the  relative  weight  of  this  third 
factor  has  yet  to  be  assessed. 

The  analytical  predictions  are  fully  supported  by  direct  numerical  Integration  of 
the  governing  set  of  equations  and  the  experimental  results  so  far  collected. 


8  -  FUTURE  WORK 

Experimentally,  a  wide  program  is  under  progress  to  both  define  the  steady  state 
combustion  properties  and  verify  the  burning  stability  of  DB  compositions. 

Theoretically,  several  formalisms  are  under  study  to  evaluate  with  some  accuracy 
the  pressure  and  temperature  dependence  of  the  fizz  zone  characteristic  time. 

Numerically,  extension  of  the  integration  technique  to  two-dimensional  configura¬ 
tion  is  under  consideration. 
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Measured  characteristic  times  of  the  condensed  phase, 
dark  zone  and  fizz  zone  of  the  tested  double  base 
propellant  in  the  pressure  range  10  to  40  atm.  The 
co.idensed  phase  characteristic  time  was  found  to  be 
at  least  two  orders  of  magnitude  larger  than  the 
fizz  zone  characteristic  time,  allowing  the  assumption 
of  quasi-steadiness  for  the  fizz  zone. 


T£t1PCflArVH 


10-13 


x=o 


Fig.  5  -  Qualitative  sketch  showing  the  structure  of  the  three 
different  transient  flame  models  for  the  heat  release 
rate  in  the  fizz  zone.  The  "elongated  flame"  model 
allows  a  more  realistic  shape  of  the  resulting  temparaturo 
profile, 


Fig.  6  -  Computed  temperature  profiles  in  the  fizz  zone,  in 
the  pressure  range  1  to  50  atm,  by  analytical 
integration  of  the  energy  equation.  The  "elongated 
flame"  model  was  implemented  with  a=0.001,  6=1  and 
Y=3.  Temperature  profiles  according  to  KTSS  flame 
model  are  also  reported  at  10  and  50  atm. 
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Gas  phase  working  map  for  the  "elongated  flame" 
model  in  the  pressure  range  1  to  50  atm.  The  static 
burning  limit  at  30  atm  is  also  shown.  Comparison 
with  KTSS  flame  at  30  atm  suggests  that  "anchored" 
flames  make  the  burning  more  stable,  both  statically 
and  dynamically. 
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Bifurcation  diagram  for  the  surface  heat  release  at 
30  and  70  atm.  Larger  surface  heat  release  is 
required  at  higher  pressure  to  obtain  bifurcation 
of  the  steady  state  solution  from  time-invariant  to 
self -sustained  oscillatory. 
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Pig.  10  -  Bifurcation  diagram  for  the  end  fizz  zone  temperature 
(or  fizz  zone  heat  release) .  For  Itss  than  a 
critical  value  (about  965  K  at  30  atm  and  1010  K 
at  70  atm) ,  the  steady  state  reacting  solution  becomes 
statically  unstable  and  only  the  unreacting  state  is 
allowed  as  a  steady  solution. 


Fig.  11  -  Experimental  vs  computed  go/no-go  extinction  boun¬ 
daries  obtained  by  fast  depressurization  tests. 
"Anchored  flame"  models  feature  an  excessively  large 
dynamic  stability,  while  a  good  agreement  is  found 
with  "elongated  flame"  model  with  Y'3. 


DISCUSSION 


RRatncKc,  FK 

Four  Ic.s  courhci  dc  slahilitc  de  combiislioii  (F),  vous  comparvi’.  Its  resullals  ihcoriqiies  cl  cxpcrimcnlaiix  pour  unc 

valuer  de  y  cgalc  fi  1 .  alors  qu'uiic  v.alciir  dc  I'ordic  dc  3  p*>ur  y  semWe  plus  appropricc.  Conimcni  sc  prcscnierail  la 
comparaison  tlicoric/cxpcricncc  pour  y  cgal  a  3? 

Author’s  Reply 

Til#  answer  is  shown  in  Fig. !  1 ,  completed  taurovAy  for  a  matter  of  time.  You  can  sec  that  y  »  3,  as  expected,  decreases 
the  pressure  .sensitivity  of  the  boundary  computed  with  y  •=  1 .  The  overall  tigreement  between  computed  and 
expcrimenial  boundary  is  improved. 


N.S.Cohcn,  US 

This  paper  really  deals  with  exiinguishmeni  boundaries  resulting  from  rapid  depressurization,  snd  not  ’stability’  in  the 
usual  sense  of  the  term,  I  disagree  that  existing  steady-slate  models  of  double-base  propellani  combustion  are  unable  to 
predict  the  flame  height  of  the  fizz  zone.  Several  inodcls,  such  as  Kubota.  >>iv/.stead  and  my  cv.n  work,  can  do  that  and 
are  consistent  in  predieting  burn  rate,  pressure  exponent,  tempcraiu'-  ..-nsiiivity,  surface  temperature  and  condenses 
phase  exoihermicity  reasonably  well.  I  feel  that  it  is  unfortunate  that  >ou  i.avc  used  a  f«w/>w/propellant  for  your  data 
with  which  to  develop  a  llainc  model  that  would  be  consistent  for  steady-state  and  non  steady-state.  The  catalytic 
additives  introduce  additional  compiication  phenomena  which  you  are  not  addressing,  and  in  particular  would  have  a 
significant  effect  upon  the  extiiiguishtnent  mecimnism.  So  it  is  not  surprising  that  cxistiitg  theory  would  not  agree  with 
your  data. 

Author’s  Reply 

Probably  my  poor  English  made  unclear  the  presentation.  It  is  perhaps  useful  to  state  the  folowing  points: 

( 1 )  The  precise  connection  between  extinguishment  from  rapid  depressurization  and  burning  stability  has  been 
investigated  by  this  research  group  for  over  10  years.  For  a  reasonable  summary  you  may  consult  Rcf.h,  for 
example. 

(2)  1  did  no/inake  any  remark  whatsoever  coneeriiing  steady-state  models,  since  we  model  transient  flames. 

(3)  Before  invoking  any  special  mechanism,  one  should  first  wonder  whether  'he  usual  extinguishment  mechanism 
(b  x-d  on  fundamental  Ihcrmophysics)  suffices  to  explain  experimental  results.  The  answer  is  clearly  given  by  the 
plo'  mgs  of  Fig.  11. 
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(4)  To  the  best  of  my  knowledge,  no  other  theory  exists  capable  of  reproducing  numerically  or  predicting  analytically 
iraiisieni  burning  data  of  double-base  propellants. 


M.Summcrfield,  US 

This  is  a  very  significant  paper.  The  fact  that  Prof.  DcLuca  can  show  fairly  close  agreement  between  theoretical 
predictions  of  depressurization  extinguishment  and  experimental  results  for  a  nitrocellulose  propellant,  by  postulating 
that  the  thin  fizz  zone  alone  is  quasi-steady  and  not  the  entire  flame,  is  encouraging.  To  my  knowledge,  this  is  the  first 
time  that  a  theory  of  non-steady  burning  has  been  developed  that  takes  account  of  the  complexity  of  the  nitrocellulose 
propellant  burning  process,  instcady  of  routinely  applying  the  quasi-steady  analysis  of  Zeldovich  to  the  problem.  The 
Zeldovich  analysis  (equivalent  to  the  Summerfield  analysis)  has  been  shown  to  be  applicable  to  ammonium  perchlorate 
propellants  in  rapid  depressurization  extinguishments,  but  the  success  in  that  case  rested  on  experiments  on  flame 
structure  that  showed  clearly  that  the  quasi-steady  postulate  is  valid  for  the  entire  solid  propellant  flame,  i.e.,  that  the 
entire  flame  was  “thin”  in  the  non-steady  sense.  It  may  be  expected  that,  as  more  complete  information  emerges  from 
such  experiments  as  Dr  Truberf s,  it  will  be  possible  for  Prof.  DcLuca  to  refine  his  analyses,  with  better  numbers  at  each 
combustion  pressure,  so  as  to  improve  the  agreement  between  his  predictions  and  his  experimental  extinguishments. 
An  additional  remark:  the  method  of  decoupling  the  fizz  flame  from  the  rest  of  the  flame  employed  by  Prof.  DeLuca  is 
probably  valid  for  his  experimental  combustor,  but  for  a  gun-type  combustor  or  a  practical  i  ocket  motor,  other  modes 
of  decoupling  may  be  advisable,  depending  on  the  geometry.  His  paper  may  well  be  a  landmark  paper,  the  first  of  many 
on  so-called  thick  flames  of  solid  propellants. 

Author's  Reply 

Thank  you  for  your  comment.  Ido  share  every  bit  of  it. 
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Summary 

Cast  double  base  propellants  have  many  attractive  features  for  tactical  missile 
systems,  not  least  where  plume  signature  transparency  is  at  a  premium*  However,  such 
propellants  are  limited  in  mechanical  properties,  particularly  strain  capability  at  low 
temperatures  of  *A0^C  or  less* 

The  paper  describes  the  development  of  a  new  class  of  CDB  propellants  utilising  an 
elastomer  in  the  binder*  The  advantages,  properties  and  performance  of  these  EMCDB 
propellants  are  given.  The  field  of  candidate  polymer  systems  is  explored  with  test 
results  and  chemistry  of  the  binder  together  with  the  criteria  leading  to  the  selection 
of  suitable  elastomer  binders* 


Introduction 


This  paper  deals  with  the  development  of  a  new  class  of  propellants  based  on  elastomer 
modified  cast  base  double  binders  (BHCDB)*  The  classical  CDB  process  is  based  on  two 
main  components,  namely  casting  powder  and  casting  liquid  or  solvent*  The  powder  In 
fact  takes  the  form  of  granules  typically  I  mm  dla  and  1  mm  length  for  which  the  binder 
Is  nitrocellulose  or  nitroglycerine  plasticised  nitrocellulose*  Various  additives  and 
filler  Ingredients  may  be  Incorporated  into  the  granule  binder  to  impart  desired 
properties  to  the  final  propellant* 

The  casting  powder  is  added  tc  the  casting  powder  mould  to  form  a  dry  pecked  bed  of 
granules  with  a  voidage  fraction  of  typically  0*3*  The  casting  liquid  Is  then 
Introduced  into  the  mould  to  displace  the  air  and  fill  the  voids*  The  liquid  Is 
nitroglycerine  normally  desensitised  with  an  Inert  plasticiser,  which  is  miscible  In 
the  nitroglycerine* 

Under  the  Influence  of  heat  and  pressure  the  casting  powder  granule*)  partially  dissolve 
In  the  liquid  by  a  process  of  gelatinlsatlon  of  the  nitrocellulose*  As  a  result  the 
granules  swell  and  coalesce  to  form  a  monolithic  block  of  propellant* 

There  are  a  number  of  attractions  to  this  process  since  it  is  readily  adaptable  from 
the  small  to  the  very  large  propellant  castings.  It  leads  itself  to  the  manufacture  of 
more  complicated  and  varied  charge  geometry  than  extrusion  proceoses*  By  two  stage 
powder  filling  of  the  mould  It  Imparts  dual  thrust  boost/sustain  capability  In  a  single 
casting.  Techniques  have  been  developed  to  enable  casting  of  the  propellant  to  final 
dimensions  and  shapes  without  the  necessity  of  expensive  machining*  The  double  base 
composition  enables  platonlsatlon  of  burning  with  suitable  catalysts  l*e.  rendurlng 

burning  rate  Independent  of  pressure  over  large  regions*  This  latter  feature  Is  ^ 
obtained  over  a  spread  of  burning  races  of  3  mm/s  to  A2  mm/s. 

The  base  grain  CDB  process  has  attractive  production  planning  features*  Powder 
increments  made  In  sequence  can  be  tested  In  sub''lot8  and  cleared  sub-lots  blended  Into 
final  lots  of  any  desired  size,  say  from  1  ton  to  AO  tons*  Such  powder  blend  lots  may 
be  stored  for  prolonged  periods  of  many  years  without  significant  change.  Thus  a 
propellant  production  lot  may  be  cleared  In  advance  without  committing  motors*  This  is 
not  true  of  propellants  manufactured  and  cast  from  mixers  due  to  pot  life  considera¬ 
tions  and  each  mix  Is  an  Individual  production  lot* 

Similarly  such  pre-cleared  powder  lot  blends  facilitate  flexibility  In  production 
Insofar  that  manufacture  rates  may  be  varied  at  will,  as  circumstances  demand,  from 
single  motors  to  multiples  of  motors*  Production  ma  ufacturlng  rates  tied  to 
propellant  mixers  are  constrained  by  mixer  minimum/maximum  capability  and  scale  effects 
on  quality. 

An  important  advantage  Is  the  facility  of  blending  several  individual  powders  of 
differing  properties  to  obtain  an  infinite  range  of  Intermediate  properties*  This 
blending  feature  Is  valuable  In  utilising  propellant  Ingredients  or  additives  which  in 
a  homogeneous  mix  would  chemically  react  or  mutually  inhibit  their  desired  effect* 


13-2 


Since  CDB  propellant  Is  derived  from  gelaced  and  coalesced  granules  the  latter  retain 
their  Identity  In  nhe  propellant  such  that  fillers  and  Ingredients  are  spatially  fixed 
In  the  propellant.  The  contents  of  one  granule  type  in  the  blend  are  physically 
separated  fron  those  In  other  granule  types  of  the  blend. 

Thus  platonlsed  burning  rate  features  are  retained  more  readily  In  CDB  propellants 
which  contain  additives  for  secondary  flame  suppression,  acoustic  combustion  Instabil^ 
Ity  suppression,  high  loadings  of  fillers  such  as  RDX  and  HKX. 

By  the  latter  means  higher  energy  smokeless  propellants  are  produced  compared  to  those 
originally  envisaged  in  the  CDB  process.  Where  rocket  exhaust  smoke  is  not  a 
constraint  then  filler  loading  of  AP  (ammonium  perchlorate)  and  A1  (aluminium)  enable 
higher  density,  specific  impulse  propellants  to  be  achieved.  All  the  foregoing 
propellants  can  be  case  bonded  as  a  result  of  the  casting  process. 

Binder  Aspects  of  CDB 


The  original  classical  CDB  process  envisaged  large  cartridge  loaded  charges  for  rocket 
motors.  The  propellant  had  hard  relatively  inelastic  binders,  similar  to  EDB 
propellants.  The  binder  NCtplasticiser  ratio  was  typically  1.5:1  or  greater. 

In  the  1960's  case-bonded  CDB  systems  were  developed  at  IMI(S)  with  Joint  casting 
powder  formulation  research  involving  Nobel*8  Explosives  Co  Ltd.  To  Impart  more 
elasticity  to  the  propellant  for  these  purposes,  propellant  binders  of  NC:plastici8er 
ratio  of  1:1.25  were  utilised  and  a  large  class  of  compositions  emerged.  Such  binders, 
largely  NC/NC,  are  temperature  dependent  like  all  thermoplastics  characterised  by  rapid 
softening  at  temperatures  approaching  60^C.  Thus  the  lower  limit  on  NC:plasticlser 
ratio  was  the  high  temperature  modulus  constraints  involved  in  highly  loaded  case  bond 
motors . 

Such  case  bonded  CDB  propellant  systems  have  been  in-service  since  the  1960*8  for  both 
Kaval  and  Land  Service  deployments.  Fig  1  illustrates  such  systems  where  volume 
loading  fractions  In  the  motor  in  excess  of  96X  are  typical.  In  the  case  of  Land 
Service  systems  with  environmental  requirements  in  the  range  -40  to  -f-SO^C  then 
Ingenious  mechanical  stress  relief  devices  have  been  Incorporated  into  the  propellant 
charge  design. 

The  latter  devices  are  necessary  because  of  the  low  strain  capability  of  such  CDB 
propellants  with  brittle  points  or  Tg  in  the  region  -20  to  -30‘^C.  The  standard  JANNAF 
tensile  test  at  -40^C  at  the  standard  rate  of  50  am/mm/min  gives  elongation  to  break  of 
approximately  IX  compared  to  30X  or  more  for  cast  composites  based  on  CTPB  or  HTF6. 

Blaitcmer  Modified  CDB  (KKCDB) 

Because  of  the  limitation  In  low  temperature  strain  capability  a  new  class  of  double 
base  propellants  was  developed  In  the  1970*8.  An  elastomer  was  introduced  into  the 
binder.  The  nitrocellulose  content  is  markedly  reduced  to  minimise  the  temperature 
dependent  effect  of  the  thermoplastic  NC/NG  binder.  The  binder  NCiplastlclser  ratios 
are  typically  between  1:3  and  1:4  although  occasionally  slighter  stlffer  modulus  with 
ratios  of  1:2.5  are  employed.  The  elastomer  is  Introduced  via  the  casting  liquid  In 
which  the  desensltlser  is  partly  or  wholly  replaced  with  monomers  or  prepolymers  which 
are  cross-linked  during  propellant  cure.  Thus  there  is  no  reduction  in  energy  compared 
to  conventional  CDB,  In  fact  there  is  a  gain  since  the  reduced  NC  content  Is  replaced 
with  nitroglycerine. 

The  lower  limit  to  the  NC:pla8tlcl8er  ratio  is  determined  by  the  casting  powder  process 
and  the  binder  needs  of  the  casting  powder  granule.  Thus  typical  EMCDB  compositions 
for  tactical  applications  are: 

Unfilled :  NC/KG/Plastlciser/ Additives/Elastomer 

20/68/  4.5  /  4.5  /  3  parts  per  100 

Filled:  NC/NC  /Plastlclser/Addit Ives /RDX  Flller/Elastomer 
12.37.5/  4.5/3/40/3 

Mechaoical  Properties  of  BMCDB  Propellaotm 

Table  1  shows  the  comparison  of  tensile  properties  with  conventional  CDB,  EMCDB  and 
cast  composite  propellants.  As  can  be  seen  the  limitations  In  low  temperature  strain 
capability  of  conventional  CDB  systems  arc  evident.  The  X  elongation  to  break  Is 
typically  IX  with  Tg  approx  -20  to  -30®C. 

In  contrast  EMCDB  propellants  retain  elastic  properties  with  low  temperature  strain 
capability  comparable  to  the  cast  composite  propellants  and  Tg  of  -60^C. 
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Fig  2  and  Fig  3  exemplify  the  change  In  attain  capability  compared  to  conventional  CDB 
at  alternative  strain  rates  typical  of  rocket  motor  application.  Fig  2  utilises  a 
strain  race  equivalent  to  that  seen  in  shock  temperature  cycling  between  low  and  high 
temperature  regimes  in  a  typical  service  case-bond  motor  with  a  96Z  volume  loading  of 
Che  combustion  chamber  (4.8  x  10**^  mln'^)»  Fig  3  utilises  a  strain  rate  equivalent  to 
Che  rapid  pressurisatlon  of  such  a  motor  on  Ignition. 

Fig  4  shows  Che  inner  conduit  strain  measurements  of  such  a  motor  measured  as  the  motor 
was  taken  down  in  temperature  in  S^C  steps.  Conduit  strains  of  70Z  at  were 
measured  with  no  defects  resulting  in  the  propellant  charge. 

A  motor  designed  for  an  in  service  application  has  been  subjected  to  extensive  testing. 
A  125  mm  diameter  dual  thrust  boost/sustain  motor  with  a  volume  loading  fraction  of  96% 
In  the  case  bonded  radial  proportion  was  tested.  Shock  temperature  cycling  across  the 
regime  **S5  to  4-60^C  was  successfully  demonstrated  with  test  firing  at  the  extreme 
temperatures  * 

The  above  results  are  critically  dependent  on  the  choice  of  elastomer  for  the  binder 
and  are  typical  of  the  first  generation  EHCDB  systems  described  hereafter.  The  above 
given  compositions  without  the  elastomer  binder  possess  no  significant  cohesive 
solidity.  A  block  of  such  propellant  stored  at  ■fbO^C  would  collapse  into  a  pool  of 
liquid  gel  and  when  strained  at  any  temperature  Is  permanently  deformed  with  no 
elasticity.  The  elastomer  Imparts  a  tough  elastomeric  consistency,  resistance  to  high 
strain  In  torsion,  shear,  compression  and  tension.  It  is  tolerant  to  repeated 
stress/straln  to  levels  close  to  the  UTS. 

The  elastomer  requires  to  be  nitroglycerine  phlllc  to  a  high  degree  Co  avoid  plast- 
Icijer  exudation  and  loss.  The  BMCDB  systems  based  on  caprolactone  polymer  systems, 
described  later,  possess  these  features  to  a  high  degree.  Table  2  summarises  the 
findings.  Volatile  loss  and  dimensional  stability  on  prolonged  exposure  to  elevated 
temperatures  (60,  70,  80^C)  Is  excellent  and  compares  more  chan  favourably  with 
conventional  case  bondable  CDB.  Chemical  stability  Is  equivalent  to  CDB  and  dependent 
on  the  behaviour  of  the  nitric  esters  KC  and  HG.  With  modern  nitric  ester  chemical 
stabilisers  the  chemical  life  as  defined  by  full  depletion  of  these  stabilisers  Is  of 
Che  order  of  SO'f  years  at  +20^C.  Propellant  gas  crack  life  for  similar  compositions  Is 
leas  chan  conventional  CDB.  This  result  Is  because  of  the  lower  tensile  strength  of 
EMCDB  compared  to  the  harder  CDB  but  this  may  be  compensated  for  by  the  higher  gas 
solubility  and  diffusion  properties  of  the  highly  plasticised  propellant. 

Ballistic  Properties  of  BMCDB 

Fig  S  illustrates  6  classes  of  CDB  propellant  developed  at  IMI(S)  based  on  two  main 
groups,  namely  conventional  CDB  and  EMCDB.  Each  group  has  three  sub-groups  of  unfilled 
smokeless  high  energy  filled  smokeless  (RDX,  HMX  etc)  and  high  energy  filled  high  smoke 
propellants  (alumlnlum/AP) . 

Table  3  Illustrates  the  main  ballistic  properties  of  these  classes  of  propellants.  Of 
particular  note  are  the  specific  Impulse  and  density  Impulse  of  the  filled  smokeless 
EMCDB  now  developed  for  tactical  missile  applications.  These  are  significantly  higher 
chan  was  thought  feasible  in  the  early  1970*8.  For  tactical  missile  applications  such 
EMCDB  systems  not  only  require  to  possess  the  advantages  described  for  CDB  In  Che 
preamble  of  this  paper.  Such  systems  also  require  to  be  amenable  to  burning  rate 
catalysis  to  achieve  platonlsatlon  and  good  temperature  coefficient  across  the  regime 
-AO  to  +  60®C  (I-oTTk  <0.25*  per  °C). 

In  joint  research  with  Nobel's  Explosives  Into  such  catalysis  platonJsed  burning  rates 
have  been  achieved  across  the  range  3  mm/s  to  42  mm/s.  Fig  6  Illustrates  typical 
pressure-burning  rate  curves  obtained. 

The  achievement  of  such  catalysed  platonlsatlon  Is  based  on  the  presence  of  nitro¬ 
cellulose  In  the  propellant  Intimately  Incorporated  with  the  metal  salt  catalysts.  Thus 
the  levels  of  NC  in  the  EHCDB  propellant  as  typified  In  the  example  are  essential  to 
these  effects.  The  utilisation  of  the  base  grain  CDB  features  In  EMCDB  Is  unique  In 
that  the  NC  Is  Introduced  Into  the  motor,  via  the  powder  grar^ules,  prior  to  casting. 

This  feature  contrasts  with  the  alternative  cross-linked  slurry  cast  double  base 
process  in  use  elsewhere.  Here  the  nitrocellulose  Is  introduced  perforce,  Into  the 
propellant  composition  In  the  mixer  prior  to  casting.  As  such  the  NC  contents  In  the 
propellant  are  limited  to  1%  to  2%  since  higher  levels  result  in  highly  viscous  gels 
with  consequent  casting  transfer  constraints.  Such  low  levels  of  NC  limit  the 
catalysls/platonlsatlon  possibilities  -  particularly  in  the  boost  burning  rates. 
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Rocket- Brtaust  Pluae  Properties 

A  particular  merit  of  the  higher  energy  RDX  filled  EHCDB  propellants  are  the  smokeless 
properties  of  the  exhaust*  The  products  of  combustion  are  essentially  gaseous  with  no 
condensed  phase  apart  from  some  of  the  minor  additives  deployed*  By  applying  the 
principles  and  materials  described  in  ref  6»  considerable  advances  have  been  developed 
In  the  last  decade  and  typically  90X  transmission  of  Incident  Intensity  at  visible  and 
Infra-red  wavelengths  are  obtained  through  the  axis  of  the  plume* 

Of  particular  note  are  substantial  advances  made  in  secondary  flame  suppression  In  the 
exhaust  by  means  of  selective  additives  Incorporated  Into  the  RDX  filled  high  energy 
propellants*  Flame  suppression  with  noszle  exit  plane  temperatures  as  high  as  1700^0 
with  obstruction  of  the  exhaust  by  TVC  devices  has  been  achieved.  Apart  from  absence 
of  visible  flame  the  consequent  cooling  of  the  exhaust  results  In  reduction  In 
signature  emission  In  the  near  and  far  Infra-red  by  factors  of  10  to  15  and  similar 
results  In  radar  attenuation  of  the  plume*  These  features  are  described  In  ref  8. 

Blastomer  Chemistry 


As  indicated  earlier  the  polymer  materials  are  Introduced  via  the  casting  liquid*  The 
screening  research  into  candidate  material  involved  laboratory  scale  tests  for  chemical 
compatibility  with  nitric  esters  (NC  and  NG)»  miscibility  with  nitroglycerine) 
mechanical  safety  sensitivity  of  the  casting  solvent  by  Impact  and  friction  testS) 
viscosity  of  the  casting  liquid. 

Miscibility  of  the  polymer  in  nitroglycerine  Is  paramount  and  the  stability  of  the 
solution  In  storage  and  in  excursions  down  to  -30^0  have  to  be  examined.  Since  the 
polymers  partially  replace  the  desensltlser  plasticiser  In  the  casting  solvent 
(typically  trlacetln)  alternative  plasticisers  were  examined  as  mutual  solvents  for  NG 
and  polymer  to  enhance  miscibility.  A  total  of  16  plasticisers  soluble  In  NG  were 
examined  for  each  system  ranging  from  trlacetln,  phthalates  from  dimethyl  to  dloctyl, 
dloctyl  sebacate,  trl-ethyl  citrate,  trl-butyl  formal  etc. 

The  viscosity  of  liquids  selected  from  such  plasticisers  and  polymers  requires  to  be 
similar  to  traditional  casting  liquids.  Acceptance  of  systems  was  based  on  a  minimum 
pot  life  of  8  hours  defined  as  a  viscosity  less  than  100  cps  at  20^C,  following  from 
the  addition  of  the  part  B  cross-link  agents. 

Since  the  systems  examined  were  mainly  catalysed  reactions  requiring  heat  Input  to 
Initiate  reactions  the  viscosity  constraint  proved  to  be  no  serious  problem  In 
virtually  all  the  systems  described  In  this  paper*  Typically  viscosities  were  In  the 
range  40  ro  70  cps  at  20^C* 

Following  the  above  tests,  laboratory  scale  casting  powder  gelation  tests  are  carried 
out  since  this  facility  is  crucial  to  the  CDS  propellant  process*  Some  polymers  inhibit 
gelatinisstlon.  The  comparative  rates  of  powder  gelation  are  observed.  These  features 
In  conjunction  with  elastomer  cross-link  reaction  rates  are  mutually  opposed.  Too 
rapid  a  polymer  cross-link  rate  will  inhibit  powder  gelation  resulting  in  poor  cohesion 
of  the  propellant  and  possibly  shrinkage  voids  In  the  Inter-granule  Interstices. 

Th'.  final  stage  of  the  screening  Investigations  Involved  casting  sheets  of  plasticised 
polymer  from  the  cross-linked  nitroglycerine  casting  solvent  system.  This  enabled 
study  of  the  ability  to  form  satisfactory  elastomers,  the  reaction  rate,  exotherm  and 
cure  conditions  In  polymer  to  plasticiser  ratios  ranging  from  1:3  to  1:9.  Modificatio¬ 
ns  to  the  cross-link  agents,  catalysts,  plasticiser  and  cure  conditions  can  be  rapidly 
and  conveniently  examined  by  this  technique  prior  to  full  cast  propellant  studies. 

Elastomer  Systems  Examined 

In  the  search  for  a  new  class  of  propellant  binder  the  potential  polymer  field  to  be 
screened  Is  large*  In  practice  the  constraints  of  project  timescale  and  resources 
dictated  choices  at  each  stage  to  narrow  the  field  for  fuller  development.  Accordingly 
many  promising  binder  systems  emerged  which  effort  did  not  permit  full  examination*  A 
summary  of  the  main  results  from  the  survey  of  potential  polymer  systems  Is  given* 

Field  1 

A  range  of  potential  polymer  systems  was  Investigated  (Ref  1). 

I  *  Polyether  Polyols 

A  total  of  15  polyecher  polyols  were  examined,  with  molecular  weights 
from  400  to  4300  of  dl  and  tri-functlonal  types.  Mixed  aromatlc- 
/allphatlc  Isocyanates  with  selected  catalysts  used  as  cross-link 
agents  * 
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2 •  Styrene  and  Acrylonitrile  Modified  HTPB  Systems 

HTPB  jls  an  excellent  lov  temperature  binder  but  the  basic  polyol  Is 
immiscible  in  nitroglycerine.  On  the  other  hand  acrylonitriles  and 
styrene  polymers  have  a  high  affinity  for  nitroglycerine  but  have  poor 
lov  temperature  binder  properties.  Co-polymers  of  these  could  provide 
an  optimum  solntion*  Those  examined  of  most  promise  were:- 


(a)  Styrene  Modified  HTPB 


HO— KCH^.CH  -  CH.CH2)a-*-<CH2.CH  )— |— OH 

I  1)1 

I  CjHs  )b  I 

n 


a  -  0.75,  b  -  0.25,  n  -  54. 
(b)  Acrylonitrile  Modified 


HO— |(CH2.CH  »  CH.CH2)a“-(CH2.CH  )— I— OH 

i  (  )  )  I 

I  (  CN  )b  In 


a  -  0.85,  b  -  0.15,  n  -  78-87. 

Since  both  modified  types  are  long  chain  dlols  they  were  cross-linked 
to  elastomers  with  catalysed  mixed  isocyanates. 

3.  Acrylonitrile  Modified  CTPB  and  Mercaptan  terminated 
Acrylonitrile  Modified  CTFB 

These  pre-polymers  contained  variously  15  to  251^  nitrile  for  KG 
affinity  and  molecular  weights  of  1  700  to  3  200  with  functionality 

1.8. 


Using  dloctyl  phthalate  as  mutual  plasticiser  with  NG  various 
cross-link  systems  were  examined  such  as  (1)  dl-  and  tri-acrylates, 
<li)  metal  di  and  peroxides,  (iil)  isocyanates. 

4 .  Polytetramethylene  Ether  Glycols  (poly  tetrahydrafuran  derivates) 

These  take  the  form:- 

OH  — (CH2.CH2.CH2.CH20)-H, 

Various  molecular  weights  in  the  range  700-2000  were  examined.  As 
diols  they  can  be  cross-linked  with  Isocyanates.  As  the  structure 
implies,  very  attractive  low  temperature  elastomeric  properties  are 
obtained . 

5.  Reinforced  Organic  Phase  Dispersions  in  Liquid  Polymers 

The  main  polymer  medium  used  was  polyther  polyols  as  previously.  The 
dispersed  phase  took  the  form  of  suspended  fine  droplets  (800-2000  A^ 
size)  of  either  styrene-methyl  methacrylate  or  acrylonitrile-methyl 
methacrylate.  The  polyol  medium  was  cross-linked  with  Isocyanates  and 
the  dispersed  phase  by  catalysed  free  radical  polymerisation  under  heat 
to  give  a  reinforcement. 


The  systems  I  to  5  above  gave  promising  elastomer  binders  in  plast¬ 
icised  ratios  of  1:9.  However,  in  general  the  most  promising  shoved 
reduced  polymer  miscibility  or  reduced  cross-link  density  as  the  NG 
concent  of  the  liquid  was  progressively  raised  at  Che  expense  of  inert 
plasticiser  (NC  contents  of  76  to  80Z  in  the  liquid  arc  desired  for 
propellants). 

Thus  pursuit  of  these  polymers  was  stopped  in  favour  of  other  more 
promising  systems  described  below* 


Field  2 


Acrylate  Polymer  Binder  Systems 

Acrylates  form  excellent  thermoplastic  rubbers  and  a  successful  development 
of  such  systems  uas  taken  to  an  advanced  stage  of  cast  propellant  evaluation 
(ref  2). 

The  acrylate  monomers  were  found  to  be  chemically  compatible  with  nitric 
esters  and  in  most  Instances  readily  miscible  in  nitroglycerine  liquids  and 
excellent  gelatinising  agents  for  KC.  The  monomers  are  polymerised  by  free 
radical  Initiators  activated  during  the  cast  propellant  curing  process  at 
elevated  temperatures*  Elastomers  of  the  structure  below  are  obtained:- 

(— CH2.CH.CH2.CH*CH2.CH - ) 

(ill) 

(  COOR  COOR  COOR  )„ 

However^  the  choice  of  acrylate  Is  crucial  to  achievement  of  good  elasto¬ 
meric  properties  and  In  particular  good  low  temperature  strain  capability* 
Fig  7  shows  the  structural  relationship  to  low  temperature  brittle  point 
from  which  It  can  be  seen  that  polymers  based  on  methacryllc  are  less 
suitable  than  acrylics  and  the  best  results  are  obtained  with  8  carbon  atoms 
In  the  monomer  unit  giving  elastomer  Tg  of  -65^C.  Thus  It  would  be  predicted 
that  polybutyl  acrylate  and  poly  2-ethyl  hexyl-acrylate  would  be  the  most 
suitable  candidates*  Testing  confirmed  this* 

Thus 

CH2  -  CH.C  -  OCaHo - (Ch2.CH.CH2*CH  ) 

It  (II) 

0  (  CO2R  CO2R  )n 

Butyl  Acrylate  Monomer 

Head  to  Tall 
or 

(CH2*CH  *  CH.CH2  ) 

(11  ) 

(  CO2R  CO2R  )n 

Head  to  Head 

(R  -  C/iHq) 


A  mixture  of  head  to  head  and  head  to  tall  configurations  occurs  during 
polymerisation*  In  the  EHCDS  process  a  solution  polymerisation  is  employed 
where  the  acrylate  monomer  is  dissolved  In  the  casting  liquid.  The  reaction 
rate  is  first  order  with  respect  to  monomer  concentration  and  the  square 
root  of  the  Initiator  concentration*  At  approximately  20-25%  monomer 
conversion  the  reaction  becomes  autocatalytlc  and  the  rate  increases  rapidly 
until  high  levels  of  conversion  and  then  drops  rapidly  to  a  limiting 
conversion  level* 

Pig  8  Illustrates  a  typical  reaction  rate/monomer  conversion  level  profile* 
The  period  of  high  reaction  rate  Is  critical  to  the  EMCDB  process  because 
the  polymerisation  Is  exothermic*  The  monomer  concentration  and  thermal 
mass  of  the  propellant  and  casting  mould  Influence  the  temperature  rise*  Of 
particular  Importance  Is  the  choice  and  concentration  of  Initiator*  The 
latter  were  chosen  to  have  an  activation  temperature  for  free  radical 
Initiation  Intermediate  between  the  casting  temperature  of  16  to  22^C  and 
the  normal  propellant  curing  temperature  of  +65®C*  For  the  favoured 
Initiator  an  activation  temperature  of  43^C  was  Involved.  Thus  polymer¬ 
isation  to  high  levels  of  conversion  can  be  achieved  with  temperature  rise 
within  the  body  of  the  propellant  peaking  well  below  65^0.  Pinal  propellant 
and  polymer  cure  was  completed  In  a  cure  ovon  at  +65^0.  Propellant  masses 
from  1  kg  to  20  kg  were  cast/cured  by  this  technique  during  evaluation* 

The  choice  of  free  radical  Initiator  catalyst  Is  constrained  by  the  variety 
and  complexity  of  propellant  compositions  which  can  Inhibit  free  radical 
release.  A  large  Investigation  into  catalysts  was  necessary  to  establish 
suitable  materials.  Basically  AZO  nitriles  and  cyclohexyl  perdlcarbonates 
were  found  most  suitable* 

EMCDB  propellants  evaluated  had  binders  based  on  NC : plasticiser  ratios  of 
1:4  and  8%  of  the  propellant  composition  as  acrylate  elastomer.  Typical 
mechanical  properties  are  given  In  Table  4. 
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This  propellant  .binder  system  development  was  stopped  prior  to  the  full 
scale  motor  evaluation  and  compositional  development  for  range  of  burning 
rates.  This  decision  was  taken  because  of  the  results  of  the  parallel 
development  of  polycaprolactones  described  below  and  the  programme 
timescale/  effort  needs  to  concentrate  on  a  single  choice  qualification 
programme • 

Because  of  the  promising  results  the  choice  was  to  a  large  degree  subjective 
but  the  following  considerations  Influenced  the  choice:- 

(I)  The  reaction  chemistry  for  EMCDB  acrylates  Is  "ore  complex 
thi»a  the  simpler  chemistry  of  the  caprolactone  system. 
Propellant  compositions  have  wide  variety  and  complexity 
to  tailor  desirable  properties  e.g.  burning  rate 
catalysts,  flame  suppressant  and  acoustic  stability 
additives  etc. 

Many  chemical  Ingredients  Inhibit  free  radical  changes  in 
free  radical  Initiator  concentration  or  even  type.  Thus 
there  Is  a  possibility  of  the  need  to  tailor  the  reaction 
chemistry  for  variations  In  propellant  composition. 

(II)  Unlike  the  caprolactone  systems  the  acrylate  polymer¬ 
isation  reactions  are  exothermic.  Whilst  this  feature  Is 
controlled  at  the  scale  described  here  (up  to  20  kg),  the 
use  of  more  massive  propellant  castings  Is  an  uncertain 
area  which  may  perforce  result  In  further  changes  and 
developments  In  the  reaction  chemistry. 

(III)  The  acrylate  monomers  Involed  have  a  significant  vapour 
pressure  at  20^C.  Whilst  toxicity  Is  not  a  major  problem 
nevertheless  the  vapour  odour  Is  pungent,  penetrating  and 
persistent  in  work-shop  areas.  This  renders  closed 
equipment  and  exhaust  stations  necessary  which  are  less 
operationally  flexible  than  both  conventional  CDB  and 
caprolactone  EMCDB  require. 


Field  3 


Polyester  Polyurethane  EMCT.B  Binders 

This  family  of  propellant  binders  was  developed  to  an  advanced  stage  of  cast 
propellant  evaluation  and  were  attractive  systems  (ref  3). 

Essentially  polyester  polyols  are  dissolved  In  the  casting  solvent  and  a 
part  B  cross-link  system  based  on  selected  Isocyanates/catalyst  added  within 
I  hour  of  casting. 

A  large  range  of  polyester  polyols  was  examined,  basically  a  large  family  of 
polyester  adipates  variously  derived  from  dibasic  acids  (adipic,  phthalllc). 
These  were  mixed  wlth/vlthout  short  chain  dlols  or  trlols  to  modify 
cross-link  density.  In  general  the  short  chain  (low  mol  wt),  branched 
polyols,  produce  highly  cross-linked,  rigid  products.  Thus  the  linear  long 
chain  polyester  polyols  of  mol  wt  in  the  range  2000-3000  and  hydroxyl 
functionality  Just  above  2.0,  were  found  as  expected  to  give  the  best 
results.  The  limiting  mol  wt  of  3000  is  governed  by  solubility  in  nitroglyc¬ 
erine  liquids. 

Polyethylene  glycol  adipate  -  toluene  di-isocyanate  (PGS-TDl)  has  been 
reported  elsewhere  as  used  In  slurry  XLCDB  systems  -these  were  not  found  to 
be  the  most  suitable  elastomer  binders  for  EMCDB.  To  form  the  best  low 
temperature  rubbers  it  is  considered  structurally  preferable  to  have 
copolymer  polyols  of  dissimilar  groups  in  the  chain.  This  would  minimise  the 
tendency  of  regular  groups  to  form  crystalline  centres  or  high  brittle  point 
via  strong  hydrogen  bonds  between  chains. 

In  this  work  it  was  found  that  copolymers  of  polyethylene-butylene  adipates 
gave  superior  low  temperature  elastomer  extensibility  chan  the  mono-polyols 
of  ethylene,  propylene  or  butylene  adipate.  With  the  appropriate  Iso- 
cyanate/catalyst  combination  this  system  gave  optimum  strain/modulus 
properties  and  no  advantage  was  found  in  using  a  range  of  either  mulcl- 
funciional  polyols  (penta  erythritol,  sucrose,  Inositol,  mannitol,  sorbitol) 
or  multifunctional  isocyanates  to  improve  cross-link  density. 
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A  particular  variant  vhich  shows  significant  interest  vac  the  use  ot 
^.cr>late  polyols  such  as  hydroxy  ethyl  methacrylate  viz:- 


CHo  -  CH  -  C  -  OR  -  OH 

II 

0 


Acrylate  mixture  of  HEMA  with  the  polyester  adipates  were  reacted  with 
suitable  ieocyanates*  Urethane  links  with  the  -OH  group  of  the  HEMA  are 
followed  by  free  radical  polymerisation  of  the  acrylate*  Thus  a  binder  based 
on  a  polyurethane-polyacrylate  resulted*  However,  the  chemistry  is  more 
complex  and  the  competitive  reaction  rates  of  urethane-acrylate-  gelatln- 
isation  were  not  optimised  within  this  programme* 

Field  4 

Quasi  Pre-polymers 

A  paraDel  investigation  (Ref  4)  researched  pre-polymers  based  on  pre-react¬ 
ion  of  long  chain  diols  with  isocyanates  under  controlled  reaction 
conditions*  The  objective  is  to  end-cap  the  diols  with  free  isocyanate 
groups  thus:- 

OH-R-OH  +  r1(NC0)2  —  NCO.rI.NHC  -ORO. urethane  rI.HCO 

II 

0 


The  pre-polymer  is  subsequently  dissolved  in  the  casting  solvent  and  so  has 
to  be  a  itoderate  mol  ut  liquid  or  low  molting  point  solid* 

Just  prior  to  casting  th»!  propellant  a  mixture  of  dlols/trlols  are  added  to 
the  casting  solvent  to  chain  extend  and  cross-link  via  the  cnd-capped 
isocyanates* 

An  advantage  is  the  ability  to  use  more  complex  Isocyanates  than  may 
otherwise  be  immiscible  in  the  casting  solvent*  Thus  polymer  chains  with 
long,  linear  flexible  polyester  segments  may  intersperse  with  stiff  urethane 
segments  e*g*  1  ,S-naphthalene  di-isocyanares  may  be  used  in  lieu  of  low 
molecular  weight  isocyanates* 

The  most  successful  variant  was  found  to  be  a  difunctional  co-polymer 
polyester  adipate  of  mol  wt  2000  pre-reacted  with  di-cyclohexyl  dl- 
Isocyanate  in  ls6  molecular  equivalents*  Cros^-llnk  dlols/trlols  were  not 
wholly  8ucc(8sful  since  in  the  main  they  were  not  soluble  in  NC,  but  hydroxy 
ethyl  methacrylate  with  free  radical  initiator  gave  promising  binder 
results* 

The  binder  systems  previously  described  l>e»  polyacrylates,  polyester 
polyurethanes,  pre-polymers  were  examined  to  an  advanced  stage  at  the 
laboratory  and  pilot  scale  <5-20  kg  propellant).  Processing  and  properties 
were  evaluated  and  shown  to  give  good  prospects  as  practical  propellant 
binders* 

However,  full  scale  development  to  project  application  was  devoted  to  the 
po lycaprolactone  systems* 

Field  5 


Polycapro lactone  Systems 


The  polymer  binder  is  based  on  poly 
suitable  isocyanates  and  catalysts* 
reaction  of ^caprolac tone  with  reactants 


i  caprolactone  diol  reacted  with 
The  polycaprolactone  is  formed  by 
such  as  alcohols,  diols,  triols  etc* 


0  0 

II  II 

+  OH-R-OH  —  !10  1-(CH2)5— C  )-ORO-lC  -  (CH2)5)-OH 


caprolactone  dlol  puly«.aprolactone 


In  our  case  che  preferred  dlot  Is  neo-pencylene  glycol  1> 


OH-(Cll2)5-OH 
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Such  polycaprolaccones  have  slsnlflcanc  differences  to  the  polyester 
adipates  In  their  polymer  structure*  They  are  more  stero-regular ,  particu¬ 
larly  the  dlol  variant  with  -(CH2)5~diol  units;  the  carbooyl  groups  are 
more  regularly  placed  In  the  chain  rather  than  random  as  In  adipates.  In 
addition  the  number  of  carboxyl  groups  per  molecular  equivalent  are  less 
than  with  adipates  which  should  render  the  elastomers  more  hydrolytically 
stable.  Unlike  the  adipates  no  water  Is  formed  as  a  reaction  product  In  the 
manufacture  of  caprolactones. 

Table  5  Illustrates  the  comparison  of  low  temperature  elasticity  of 
polycaprolactone  elastomers  In  comparison  with  polyethylene  adipate  and 
co'polymer  of  polyethylene-butylene  adipate.  Table  5  also  illustrates  the 
superiority  in  hydrolytic  stability.  This  latter  property  Is  furthc. 
exemplified  In  Table  6  data. 

Because  of  solublllty/mlsciblllcy  constraints  the  mol  wt  of  the  caprolactone 
polyols  is  limited  to  the  800-1200  range.  A  significant  difference  between 
propellant  chemistry  and  normal  elastomer  technology  is  the  very  high 
plastlci8er;polyffler  ratios  approx  9:1  -  in  the  catting  solvent*  Thus  large 
separation  of  the  elastomer  chains  result  with  frequently  weak  gels  or 
complete  solution  of  the  polymer  in  the  plasticiser. 

The  research  with  casting  solvents  showed  aliphatic  Isocyanates  resulted  In 
highly  viscous  liquids  whereas  aromatic  isocyanates  resulted  in  solid  gels 
or  weak  elastomers.  Stable  catalysts  markedly  Improve  the  elastomeric 
properties  of  aromatic  Isocyanate-caprolacrone  systemii  In  the  nitroglycerine 
casting  solvents. 

Accordingly  work  was  directed  towards  the  formation  of  allophanate  bridges 
between  the  polymer  chains  to  increase  cross-link  density.  Allophanate 
links  do  not  feature  highly  in  elastomer  chemistry  literature  because  In 
general  the  technology  does  not  call  for  such  high  plasticiser  ratios  as  In 
our  case. 

The  literature  shows  that  aliphatic  isocyanates  are  more  amenable  to 
allophanate  reactions  than  the  aromatic  Isocyanates.  Moreover  certain 
catalysts  promote  allophanate  rather  than  urethane  links.  It  was  found  that 
a  mixture  of  aromatic  and  aliphatic  Isocyanates  In  conjunction  with  suitable 
organo-metalllc  catalysts  gave  superior  elastomeric  properties  to  either 
type  of  Iflocyanate  in  Isolation* 

Suitable  aromatlc/allphatlc  Isocyanate  are  trlphenyl  methane  trl* 
Isocyanate/trl-methyl  hexamethylene  dl-lsocyanate  respectively*  Thus  the 
chain  extenslon/cross-link  mechanism  may  be  deplcted:- 


HO  -  R  -  OC  - 

H  -  r1 

NH.CO  -  R  -  0 - 1 

II 

1 

II  1 

0 

1 

1 

C-0 

0  1 

Urethane  I 

1 

allophanace 

1 

Nil 

1 

allophanate 

1 

R 

1 

NH 

1 

1 

1 

C-0 

1 

-M - 

1 

1 

---urethane----— 

Eecause  of  moisture  reactivity  with  Isocyanates  the  latter  were  chosen  with 
low  reactivity  with  water*  Also  the  organo-metalllc  catalysts  were  chosen 
which  promote  the  R-OH  rather  chan  H-OH  reactions  with  -NCO  Isocyanates. 
Thus  the  system  adopted  Is  essentially  moisture  Insensitive  and  employs  no 
particular  measure  In  preparation  or  processing  to  eliminate  moisture. 

Another  important  facet  governing  the  selection  of  Isocyanater^  Is  the 
avoidance  of  the  vapour  toxicity  associated  with  many  of  the  traditional 
Isocyanates  such  as  TDl.  Table  7  Illustrates  the  comparative  vapour 
pressures  of  the  preferred  Isocyanates  with  some  traditionally  used 
materials*  As  a  result  no  special  exhaust  and  mask  arrangements  are 
required  in  workshops  although  regular  air  monitoring  Is  used.  Accordingly 
In  all  Its  essentials  the  processing  facility  and  procedures  are  essentially 
the  same  for  EHCOB  as  for  conventional  CDB  once  the  casting  solvent 
composition  has  been  prepared. 
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It  is  Important  to  reduce  the  predominance  of  the  thermoplastic  plasticised 
NC  binder  Influence*  Accordingly  In  EMCDB,  NCsplastlciser  ratios  of  1  to  4 
or  less  are  used  compared  to  conventional  CDB  ratios  of  I:I  or  greater.  A 
minimum  NC  content  is  required  for  (a)  casting  povder  binder  (b)  to  effect 
burning  rate  platonisatlon. 


Within  these  parameters  a  lover  NC : plasticiser  ratio  whilst  benefiting  low 
temperature  capability  also  results  In  a  trade-off  in  lover  high  temperature 
modulus*  The  addition  of  fillers  to  this  standard  propellant  also  affects 
strain/modulus  through  filler /binder  adhesion*  The  nltramlne  (RDX/HHX) 
fillers  appear  more  prone  to  dewettlng  under  stress  than  AP/AL  fillers* 
Table  8  summarises  the  above  mentioned  parameters  on  the  standard  BMCDB 
propellant. 

Accordingly  avenues  of  improvement  of  the  second  generation  of  BMCDB 
propellant  have  been  investigated*  Thus  the  NC/plastlciser  ratio  requires 
to  be  tailored  according  to  application  and  In  accordance  with  the  filler 
loading.  Normally  fillers  would  be  expecte^  to  stiffen  the  modulus  of  the 
propellant*  However)  RDX/HMX  have  relatively  poor  bl'^der/filler  adhesion 
and  there  is  some  tendency  to  dewettlng  of  the  filler  at  high  loading  and 
high  stress.  Resin  coating  of  the  RDX  to  enhance  f iller/blnder  adhesion  is 
a  promising  avenue*  Table  9  Illustrates  the  effect  on  modulus  of  such 
techniques  using  some  of  the  most  suitable  resins  evaluated*  Significant 
improvements  are  seen  in  the  mechanical  properties  by  this  route. 

Further  alternatives  to  Improve  the  binder  property  are  being  developed  and 
the  results  to  date  are  illustrated  in  Table  10*  Table  10*1  shows  the 
beneficial  effect  of  Increasing  the  Isocyanate  to  caprolactone  polyol  ratio 
significantly  over  stoichiometric*  A  similar  but  more  marked  effect  is 
obtained  by  changing  the  desensltlser/phlegmati  ser  plasticiser  in  the 
casting  solvent*  Table  10*2  illustrates  the  effect*  Trlacetln  Is  an 
excellent  gelatlnloer  for  NC  (significantly  better  than  the  phthalates  or 
nitroglycerine)*  Thus  the  plasticised  NC  thermoplastic  binder  is  more 
dominant  than  is  the  case  with  phthalate  plasticiser*  The  latter  appears  to 
result  in  a  greater  proportion  of  ungelatinised  NC  fibres  in  the  binder) 
acting  ^8  fibre  fillers  rather  chan  binder* 

Table  10*3  Illustrates  the  effect  of  increasing  the  proportion  of  capro¬ 
lactone  elastomer  in  the  propellant  in  increasing  modulus*  The  above 
mentioned  parameters  in  tables  9  and  10  do  not  suffer  in  trade-off  of  low 
temperature  cxcenslbllicy * 

Returning  to  the  first  generation  PHCOB  propellants  prior  to  the  Table  9 
invescigtclorts,  such  propellant  systems  have  been  fully  developed  for 
In-service  project  application*  Safety  sensitivity  testing)  chemical 
stability  and  ageing  stability  of  mechanical  properties  in  prolonged  storage 
at  60^C/100X  RH  are  comparable  to  conventional  CDB*  Since  Che  combustion 
products  of  such  propellants  are  almost  wholly  non-condensible)  gaseous  the 
propellants  are  truly  smokeless* 

The  pot  life  of  such  casting  solvents  is  Indefinite  prior  to  the  addition  of 
catalyst/cross-link  agents  and  4  to  6  hours  thereafter.  The  cure  period  for 
full  cross-linking  is  approximately  6  days  at  65^C.  Due  allowance  in  the 
reaction  races  for  the  competing  gelatlnisatlon  process  has  to  be  made  in 
selecting  catalysts. 

Table  ll  Illustrates  two  rocket  motors  which  have  been  tested  to  service 
project  technical  requirements* 
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DISCUSSION 


G.Malescot,  FR 

I  want  to  ask  a  question  outside  the  frame  of  your  presentation.  You  obtained  a  propellant  with  burning  rate  of 
40  mm/s.  The  curves  you  showed  gave  a  40%  RDX  propellant  with  33  mm/s.  At  40%  RDX  loading  what  burning  rate 
can  you  achieve? 

Author’s  Reply 

With  the  unfilled  EMCDB  propellants  the  burning  rate  range  achiev'^d,  which  is  platonised,  extends  from  2  mm/s  to  as 
shown  on  the  slide  42  mm/s  —  in  fact  nowadays  up  to  45  mm/s.  When  RDX  is  introduced  the  platonisation  becomes 
more  complex.  To  date  the  burning  rate  range,  wh'  b  we  could  consider  usable  with  40%  RDX  extends  from  2.5  to  33 
mm/s.  We  are  working  on  increasing  this  further  currently  but  cannot  claim  that  above  33  mm/s  they  are  of  acceptable 
temperature  coefficients  for  tactical  missile  applications. 


G.Malescot,  FR 

What  temperature  coefficients  of  burning  rate  do  you  obtain  for  burning  rates  of  40  mm/s? 

Author’s  Reply 

1  must  emphasise  here  that  when  referring  to  all  these  burning  rates  then  we  arc  talking  of  platonisation  burning  rates 
defined  as  temperature  coefficients  of  burning  of  0.2%  per  'C  or  less. 

I  should  add  that  these  are  determined  by  the  technical  requirements  for  rocket  motors  for  tactical  missiles. 
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THE  REDUCTION  OF  EXHAUST  SIGNATURE 
IN  SOLID  PROPELLANT  POCKET  MOTORS 

by:  G.I.  EVANS 
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WORCESTERSHIRE »  UK. 
(OPERATED  BY  IMI  KYNOCH  LIMITED 
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Abstract 


An  Important  feature  of  Cast  Double  Base  propellants  is  that  during  combustion  the  propellant  itself 
produces  extremely  low  levels  of  exhaust  smoke.  Developments  In  Insulation  raterlal  and»  In  particular, 
charge  Inhibitors  have  allowed  the  low  smoke  potential  of  the  propellant  to  be  fully  roalised  in  rocket 
motor  firings* 

A  further  d«‘«fflattc  reduction  in  exhaust  signature  has  been  obtained  by  suppressing  secondary  combustion 
In  the  rocket  motor.  This  has  been  achieved  over  a  wide  range  of  typical  propellant  charge  and  motor 
configurations  using  propellant  additives* 

Flame  suppressed  plumes  offer  the  desirable  property  of  low  exhaust  emissions  both  in  the  visible  and 
IR  regions  of  the  electromagnetic  spectrum.  Similarly  missile  communications  both  at  optical  and  radio 
frequency  wavelengths  are  improved  by  the  absence  of  secondary  combustion* 

This  paper  reviews  the  inhibitor  and  propellant  developments  concerned  and  quantifies  the  reductions 
in  exhaust  signature  which  are  obtained  by  the  optimised  use  of  secondary  flame  suppression* 

Introduction 


The  principal  starting  point  for  suppression  of  secondary  flame  and  low  signature  rocket  exhausts  is 
smokelessness  of  the  plume*  The  nature  and  sources  of  smoke  in  rocket  exhausts  is  dealt  with  in  detail 
In  Ref*  1*  Smoke  Is  a  cloud  of  condensed  phase  particles  suspended  In  gas  which  can  be  of  a  range  of 
particle  sizes,  shapes,  density,  refractive  Index  and  reflective/absorptive  properties  which  determine 
the  optical  properties  of  the  cloud*  The  particles  nay  be  present  in  the  gas  leaving  the  nozzle  exit 
plane  or  formed  by  condensation  from  the  vapour  downstream*  Coagulation  of  the  particles  occur  by 
collision  and  the  size,  density  and  dilution  affect  the  persistency,  dispersion  and  fall-out  from  the 
plume* 

The  smoke  cloud  particles  may  be  organic  in  nature  (hydrocarbon  soots,  organic  mists)  or  inorganic 
condensed  phases.  The  former  provide  additional  fuel  for  secondary  flame  and  can  depress  the  ignition 
point*  Both  types  of  particle  can  form  local  hot  spots  by  thermal  lag  for  re-lgnltion*  Importantly  clouds 
of  particles  will  interfere,  by  collision,  with  exhaust  secondary  flame  additives  which  are  normally 
alkali  metal  ions* 

Thus  smoke  laden  exhausts  render  secondary  flame  suppression  more  difficult,  requiring  higher  concentration 
of  suppression  additives,  or  ultimately  make  suppression  impossible* 

The  design  of  rocket  motors  for  low  smoke  is  described  in  detail  In  Ref*  1,  2,  3.  The  formulation  of 
the  propellant  is  a  core  feature  but  double  based  and  EMCDB  propellants  with  or  without  Nitranlne 
fillers  (RDX/HHX)  as  shown  in  Table  1,  are  particularly  suitable*  However  fillers  such  as  aluminium 
and/or  amnunonium  perchlorate  as  used  in  CKCDR  or  composite  propellants  render  optically  dense  smoke 
clouds  inevitable.  Even  levela  of  1  to  2X  aluminium  in  the  propellant  give  rise  to  aerlous  obscuration 
of  Incident  radiation. 

With  smokeless  propellants  the  principal  sources  of  smoke  in  rocket  exhausts  are  the  Inert  parts  consumed 
such  as  insulants  and  inhibitors*  These  require  to  be  formulated  to  eliminate  inorganic  sources  of 
condensed  particles  by  pyrolysis  or  erosion  of  the  Inert  parts.  Where  total  elimination  la  not  possible 
dilute  clouds,  defined  as  single  particle  as  opposed  to  multiple  particle  scattering  of  incident  beans, 
are  required.  The  particle  size  needs  to  be  mlnlnleed  to  avoid  the  peak  In  the  scattering  coefficient 
veraua  particle  size  characteristic. 

Organic  source  smoke  can  be  eliminated  by  certain  formulation  rules  to  minimise  pyrolysis  reactions 
giving  rise  to  primary  hydrocarbon  species  which  polymerise  to  higher  molecular  weight  condensed  phase 
hydrocarbons.  Dehydrogenation  of  the  latter  produce  hydrocarbon  soots.  The  technology  for  the  above 
Is  described  in  Refs.  1,  2,  3  and  smokeless  rocket  motors  are  now  an  established  technology  on  these 
principles* 

It  Is  the  ohiective  of  this  paper  to  describe  suppression  of  secondary  flame  In  rocket  exhausts  whilst 

retaining  smokelessness*  The  benefits  are  low  signature  from  visible  flame  and  emission  In  the  near 

to  far  infra-red  spectrum  and  further  reductions  In  attenuation  of  radar  frequencies  and  laser  transmission 

Flame  suppression  Is  achieved  by  use  of  additives  giving  rise  to  alkali  metal  Ions  In  the  exhaust,  for 
example  potassium*  Clearly  these  alkali  netala  form  condensed  phase  species  in  the  exhaust  and  thus 
contribute  to  smoke. 

Accordingly  the  most  efficient  additive  (i*e*  lowest  mass  fraction  to  effect  suppression)  Is  most  important 

The  use  of  the  optimum  type,  amount  and  mode  of  Incorporation  of  the  additive  In  the  propellant  Is 
particularly  Important  with  the  more  demanding  higher  energy  propellants  now  being  developed. 
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Table  2  shows  typical  properties  of  such  currently  available  propellants  Illustrating  specific  Impulse, 
density  and  burning  rates  now  available.  Using  such  propellants  and  materials  rocket  motors  have  been 
designed  with  In  excess  of  9SZ  transmission  of  the  incident  Intensity  In  wavelengths  from  the  visible 
to  the  far  Infra-red,  directed  through  the  axis  of  the  exhaust  plume. 

Secondary  flame  suppression 


VI th  smokeless  propellant  rocket  motors  the  fuel  for  secondary  flame  is  hydrogen  and  carbon  monoxide. 

Mixing  with  air  In  the  recirculation  region  at  the  nozzle  exit  results  In  a  flammable  mixture.  Shock 
waves  In  the  plume  result  In  regions  of  pressure  shock  and  temperature  rise  followed  by  Ignition.  Nozzle 
design  Is  significant  In  reducing  shock  wave  fonsatlon.  Full  expansion  with  a  parallel  flow  nozzle  profile 
is  particularly  advantageous. 

Nevertheless  high  energy  propellants,  high  thrust  motors  with  nozzle  exit  plane  temperatures  In  the 
1200  to  1700®K^  region  inevitably  give  rise  to  secondary  flame. 

The  reaction  in  the  flame  Is  propogated  by  free  radicals  such  as  H  and  OH.  Combustion  of  hydrogen  In 
air  results  In  the  formation  of  such  free  radicals  thus 

Ha  +  Oj  HjO  +  H  +  OH  (1) 

Research  has  shown  that  the  Incorporation  of  certain  additives,  in  particular  alkali  metal  compounds 
and  more  particularly  potassium  can  suppress  the  flame  reaction.  The  probable  mechanism  Is  by  free 
radical  combination  thus 

KOH  +  H  K  +  HjO 

K  +  OH  KOH 

Vhere  the  reaction  rates  for  (2)  and  (3)  are  fast  in  relation  to  (1). 

With  secondary  flame  the  temperature  recovery  in  the  exhaust  plume  approaches  that  of  the  flame  temperature 
of  the  propellant.  As  a  result  emission  in  the  Infra-red  spectrum  is  high  from  such  species  as  CO^y 
H.O  and  condensed  phase  natter.  By  flame  suppressslon  a  much  cooler  plume  results  and  as  the  results 
in  this  paper  show  the  emission  Intensity  can  be  reduced  by  an  order,  of  magnitude.  Similarly  transparency 
of  the  plume  to  lasers  in  the  near  and  far  infra-red  Is  markedly  Increased  since  significant  defraction 
and  dispersion  of  the  Incident  laser  beam  occurs  In  hot  plumes. 

Furthermore,  radar  attenuation  by  the  exhaust  plume  is  substantially  reduced  by  secondary  flame  suppression. 
Attenuation  of  microwave  frequencies  largely  arises  from  the  presence  of  free  electrons  in  the  plume, 
produced  from  Ionisation  of  metallic  species  at  high  temperature.  Absorption  of  the  Incident  beam  power 
arises  from  the  acceleration  of  the  electrons  by  the  beam  and  the  energy  absorbing  collisions  with  molecules 
the  gasseous  exhaust*  Minor  levels  of  alkali  metals  such  as  potassium  can,  by  ionisation  In  the  flame, 
result  In  an  Increase  In  the  electron  concentration*  However  once  thf;  threshold  concentration  of  potassium 
Is  reached  to  achieve  flame  suppression  the  cooler  plume  temperature  results  in  a  marked  reduction  in 
Ionisation  and  electron  concentration. 

However  a  trade-off  for  the  above  features  can  be  an  increase  In  exhaust  smoke  arising  from  the  condensed 
phase  potassium.  Accordingly  the  roost  efficient,  lowest  mass  fraction  of  potassium  metal  compatible 
with  effecting  flame  suppression  Is  Important.  To  this  end  attention  has  to  be  given  to  minimising  organic 
and  Inorganic  smoke  in  the  plume;  optimum  nozzle  design;  selection  of  the  most  effective  potassium  salt 
and  the  most  effective  means  of  Incorporating  the  salt  Into  the  propellant.  The  latter  two  aspects  have 
been  found  most  important  In  effect  on  efficiency  and  appears  to  be  related  to  the  proportion  of  vapourised/ 
condensed  potassium  species  at  the  nozzle  exit  plane* 

Type  of  suppressant  additive 

The  detailed  work  has  largely  been  reported  In  Ref  A.  An  Ideal  flame  suppressing  additive  would  be  able 
to  suppress  secondary  combustion  in  rocket  motors  whilst  maintaining  the  chemical,  physical  and  ballistic 
properties  of  the  propellant.  Further  certain  features  of  any  additive  would  make  It  potentially  attractive. 
For  example  the  additive  should  contain  the  highest  possible  mass  fraction  of  the  flame  suppressing 
metal  to  nlnlnlse  the  energy  losses  associated  with  the  non-reactlve  part  of  the  molecule.  In  addition 
the  salt  should  not  contain  anything  which  in  Itself  could  be  a  potential  source  of  smoke  e.g.  possible 
sulphate  induced  hydrocarbon  smoke  from  potassium  sulphate. 

A  large  number  of  different  additives  were  investigated  but  the  work  reported  here  concentrates  on  various 
Potassium  Salts  which  were  known  to  have  good  flame  suppressing  properties. 

The  traditional  flame  suppressing  additive  for  use  In  gun  propellants  was  Potassium  Sulphate*  However 
this  additive  had  been  used  at  high  levels  which  although  successful  as  a  flame  suppressant  gave  excessive 
amounts  of  smoke.  The  work  undertaken  at  IHI  Suonaerfleld  was  aimed  at  optimising  the  type  and  amount 
of  additive  necessary  to  suppress  flame  In  a  given  configuration  and  so  mirtmlse  smoke  effects. 

Although  the  effective  agent  In  suppressing  the  flame  chemistry  In  the  exhaust  is  the  potassium  Ion 
K  ,  nevertheless  the  type  of  potassium  salt  Influences  the  effectiveners.  This  nay  be  due  to  variations 
in  the  potassium  combustion  products  and  the  properties  of  potassium  present  in  the  vapour  as  opposed 
to  condensed  phase  together  with  the  particle  size  of  the  latter  resulting  from  the  rapid  expansion 
through  the  nozzle. 


(2) 

(3) 
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Figure  1  compares  several  potassium  salts  Incorporated  in  a  standard  propellant  and  standard  test  motor* 
The  figure  Illustrates  the  variable  effectiveness  in  terms  of  the  minimum  level  of  additive  necessary 
to  suppress  flame*  The  levels  refer  to  the  potassium  metal  equivalent  (not  salt)* 

Method  of  additive  incorporation 


The  effect  of  these  various  salts  on  propellant  chemical  stability,  propellant  gassing,  propellant  burning 
rate  and  the  Inherent  chemical  stability  of  the  additive  have  been  investigated  (Ref*  4)  to  characterise 
systems  for  in-service  propellant  applications*  ^ome  potassium  salts  are  chemically  reactive  with  nitric 
esters  and  effect  stability  but  in  the  majority  of  instances  stability  is  satisfactory* 

For  the  purposes  of  this  paper  It  may  suffice  to  state  that  the  variety  of  ingredients  that  may  be  used 
In  propellants  Is  extensive*  Some  of  these  ingredients.  In  particular  some  burning  rate  catalysts,  may 
chemically  Interact  with  some  potassium  salts  to  destroy  or  degrade  the  burning  rate  platonlsatlon. 

Fortunately  the  COB  process  Is  based  on  the  use  of  powder  granules  In  casting*  Blends  of  two  or  more 
different  powders  may  be  used*  The  casting  process  is  characterised  by  partial  solution,  gelation  of 
the  granules  In  the  casting  solvent*  The  granules  swell  and  coalese  Into  monolithic  blocks  of  propellant 
but  the  Related  granules  retain  their  individual  density*  Thus  Insoluble  ingredients/additives  in  one 
powder  granule  are  physically  separated  and  spatially  fixed  in  the  propellant  areas.  Mutually  reactive 
Ingredients  are  kept  apart*  The  powder  blending  process  thus  permits  the  use  of  ingredient  formulations 
which  would  not  otherwise  be  possible  in  propellant  systems  based  on  homogeneous  mixing  prior  to  casting 
or  extrusion* 

This  effect  Is  Illustrated  In  Fig*  2*  This  shows  a  given  propellant  A  with  a  burning  rate  catalyst  manifesting 
platonlsatlon*  Propellants  B,  C,  D  are  exactly  the  same  as  A  except  for  the  addition  of  a  potassium 
salt*  The  percentage  level  of  burning  rate  catalyst  is  the  same  In  all  four  propellants*  In  the  case 
of  propellant  t)  the  potassium  salt  is  uniformly  distributed  throughout  the  propellant  in  a  single  powder 
blend*  Chemical  Interaction  has  destroyed  the  platonlsatlon*  In  propellants  B  &  C  a  two  part  powder 
blend  la  used  where  the  burning  rate  catalyst  and  potassium  salt  are  Incorporated  in  separate  powders* 
Platonlsatlon  effects  are  retained  in  the  latter  case* 

The  method  and  distribution  of  potassium  salt  In  the  propellant  also  Influences  It's  efficiency  In  flame 
suppression  and  there  Is  an  optimum  level  and  distribution.  Reduced  efficiency  l*e*  the  necessity  ft 
higher  levels  of  additive  has  a  penalty  in  Increased  exhaust  smoke* 

Predictive  models  for  the  level  of  additive  necessary  to  suppress  flame  In  given  rocket  designs  are 
available  hut  there  are  significant  uncertainties  In  the  Input  data*  The  models  generally  predict  significantly 
higher  levels  of  potassium  additive  than  the  experluental  work  given  here  demonstrates.  The  models  do 
not  allow  for  the  effects  of  the  type  and  method  of  physical  Incorporation  on  the  efficiency*  However 
an  extensive  experimental  programme  has  examined  the  main  design  parameters  to  establish  practical  predictive 
guidelines.  These  have  been  used  regularly  at  IMI(S)  with  a  large  degree  of  success.  The  use  of  the 
powder  blending  technique  available  In  the  CDB/EMCDB  process  enables  rapid  adjustment/optlmlsatlon  of 
the  motor  from  the  preliminary  experimental  test  firing* 

Hoztle  Design 

Full  and  optimum  expanalon  in  the  nozsle  is  desirable  and  the  RAO  or  preferably  parallel  flow  nozzles 
are  superior  to  conical  nozzles*  In  general  It  Is  desirable  to  minimise  shock  formation  in  the  plume 
downstream  of  the  nozzle  exit  plane* 

Figure  3  Illustrates  the  effect  on  experimental  motors  of  various  nozzle  designs  In  terms  of  nozzle 
exit  plane  temperature  and  pressure  versus  additive  level  (selected  additive  and  mode  of  incorporation) 
necessary  to  suppress  secondary  combustion. 

Motor  Thrust  Level 


Figure  A  Illustrates  the  effect  tn  a  standard  motor  of  varying  the  thrust  level  by  varying  the  propellant 
burning  rate  and  charge  configuration*  In  each  case  the  nozzle  Is  designed  for  optimum  expansion*  The 
two  boundaries  shown  represent  the  minimum  and  maximum  additive  level  for  absence  or  presence  of  flame* 

The  additive  level  Increases  with  thrust  level  to  achieve  flame  suppression*  The  propellant  energy  level 
Is  essentially  constant  In  Figure  3.  Such  data  enables  interpolation  to  estimate  with  reasonable  accuracy 
the  level  required  for  a  given  design* 

Propellant  Energy  Level 

In  general  the  amount  of  additive  necessary  Increases  with  propellant  energy  level*  Assuming  optimum 
nozzle  expansion  In  all  Instances,  this  result  is  to  be  expected  In  line  with  the  higher  nozzle  exit 
plane  temperature  accompanying  the  higher  energy  propellant* 

With  the  higher  energy/density  smokeless  propellants  derived  from  RDX/HMX  filler  loading  levels  the 
additive  level  Is  slightly  less  than  that  predicted  from  the  nozzle  exit  plane  temperature.  It  may  be 
that  this  results  from  the  higher  proportion  of  Inert  nitrogen  in  the  exhaust  gas  arising  from  the  chemical 
structure  of  the  Nltramlnes. 

Figure  S  Illustrates  the  effect  of  a  selected  potSv'.  •  additive  on  flame  suppression  versus  RDX  level* 

A  standard  150  mm  heavyweight  re-usable  motor  has  been  used  as  the  test  vehicle.  Two  nozzle  configurations 
have  been  used,  namely  either  a  single  nozzle  or  a  twin  nozzle  side  venting  arrangement*  The  thrust 
pur  nozzle  Is  thus  varied.  As  can  be  seen  the  required  additive  level  la  significantly  lover  In  the 
twin  nozzle  case  (compare  Trial  No.  258  and  226)  and  the  additive  level  Increases  with  Increasing  RDX 
level  In  the  propellant,  although  not  as  much  as  expected* 
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Motor  Velocity 

The  above  connents  refer  to  static  test  firings.  In  flight  theoretical  nodelllng  of  the  plume  would 
be  expected  to  give  a  more  collimated  tendency  with  leas  rapid  mixing  with  surrounding  air  until  the 
plume  has  cooled  substantially.  Accordingly  It  is  considered  that  flame  suppression  should  be  more  readily 
achievable  l.e.  at  slightly  lower  additive  levels. 

This  effect  has  been  examined  extensively  but  more  economically  by  means  of  test  firings  on  a  sledge 
track  at  PEE  Fendine.  Kotor  velocities  are  relatively  low;  typically  60  -  100  metres/sec.  However  the 
effect  has  been  notlcable  In  that  slightly  lower  levels  of  additive  are  required  compared  to  static 
test  firings. 

(Table  5  Illustrates  the  effect). 

Properties  of  Flame  Suppressed  Plumes 

The  suppression  of  secondary  combustion  In  solid  propellant  rocket  motora  has  a  number  of  significant 
advantages.  These  are  concerned  mainly  with  the  reductions  In  motor  emissions  at  various  wavelengths 
giving  reduced  detectability  of  a  missile  together  with  the  reduced  attenuation  for  command  links 
Involved  In  active  guidance  systems. 

For  non  flame  suppressed  motors  the  possibility  of  detection  of  the  missile  and  for  the  launch  site 
Is  greatly  Increased,  due  to  Che  secondary  flame  emitting  much  higher  amounts  of  energy  In  both  the 
visible  and  Infra-red  regions  of  Che  spectra,  than  the  remainder  of  the  body.  Similarly  the  secondary 
combustion  region  can  strongly  attenuate  missile  communication  systems  operating  at  both  Optical 
frequency  and  Radio  frequency  regions  of  the  electromagnetic  spectrum. 

Trials  have  been  carried  out  at  IHI(S)  and  In  some  cases  In  collaboration  with  other  establishments, 
using  IMI(S)  supplied  motors,  to  quantify  some  of  the  advantages  obtained  from  flame  suppression. 

(Ref.  5,  6,  7,  «). 

Optical  emissions  from  flame  suppressed  plumes 

Flame  suppressing  additives  Incorporated  Into  propellants  produce  a  dramatic  change  In  the  Optical 
emission  from  the  plume  In  Che  visible  light  region. 

Fig.  6  llluatraces  two  high  energy  suscalner  propellant  motors  of  Identical  2kN  thrust.  One  motor  has 
0.7ST  flame  suppression  additive  In  the  propellant.  Fig.  7  Is  a  similar  Illustration  of  high  energy 
smokeless  boose  motors  of  12kN  thrust.  One  motor  has  0.56%  additive  In  the  propellant. 

Fig.  fl  Illustrates  a  high  energy  smokeless  boost  motor,  where  the  propellant  contains  351  RDX,  of  SkN 
thrust.  One  motor  has  0.42%  additive  In  the  propellant.  It  Is  noticeable  in  Fig.  6  that  Che  flame  Is 
firmly  attached  to  the  nozzle  whereas  In  Figs.  6  and  7  It  Is  detached.  This  arises  from  the  higher 
nozzle  exit  plane  temperature  with  Che  ROX  filled  propellant. 

Table  4  shows  the  effect  of  additive  level  for  flame  suppression  versus  nozzle  exit  plane  temperature, 
thrust  level  and  smoke  for  a  recent  KOtor  design.  The  table  also  shows  the  effect  of  a  thrust  vector 
spoiler  resulting  In  a  37%  nozzle  area  blockage.  The  latter  device  creates  a  shock  wave  In  the  exhaust 
gases  to  produce  thrust  vectoring.  The  recovery  temperature  sc  the  shock  would  normally  create  relgnltlon 
of  the  exhaust.  The  ability  to  suppress  such  flames  la  a  substantial  advance  In  the  state  of  the  art. 

Emission  Signature  In  the  Infra-red 

Trials  were  carried  out  In  conlunctlon  with  ocher  establishments  to  measure  motor  emlselon  In  the  Infra¬ 
red  region  of  the  spectra  and  Co  determine  Che  effects  on  these  emissions  on  flame  suppression.  A  number 
of  motors  supplied  by  IHI(S)  were  fired  over  a  range  of  thrust  levels  both  with  and  without  flame 
suppression.  Short  range  whole  plume  emissions  at  two  IR  wavelengths  were  determined  using  a  Scanning 
Radiometer. 

Fig.  9  shows  data  from  the  firing  of  two  Identical  motors  of  S.5  kN  thrust.  In  one  motor  the  propellant 
contains  a  flame  suppression  additive.  The  data  shows  plume  contours  of  emission  Intensity  In  the  far 
Infra-red  spectrum  (7.3  -12.9  micron  wavelength).  The  reduction  In  the  size  of  Che  plume  Is  evident 
and  In  particular  the  maximum  Intensity  Is  reduced  by  a  factor  of  10.  Fig.  10  shows  data  for  the  sane 
pair  of  motor  firings  but  In  this  case  presented  as  an  Isometric  projection.  The  emission  signature 
In  this  example  Is  In  the  near  Infra-red  (4.0  -  5.0  micron  wavelength).  The  effect  is  evident  with  a 
reduction  In  the  peak  Intensity  by  a  factor  of  7  for  the  flame  suppressed  motor. 

The  motors  were  viewed  from  26m  range  at  an  angle  of  90*.  The  spectral  coverage  of  the  short  wave  camera 
Is  4.1  tO'  5.0  micron  and  Che  long  wave  camera  7.5  to  12.9  micron  (50%  points). 

Fig.  11  Illustrates  long  range  Irradlance  measurements  which  were  made  on  flame  suppressed  and 
unsuppressed  motors  operating  at  three  thrust  levels:  1.5  kN,  8.5  kN  and  12  kN.  The  radiometer  used 
operated  over  the  4.49  -  5.04  m  spectral  range  and  had  standard  Cassegrain  type  optics  using  a  cooled 
In-Eh  infra-red  detector.  Measurement  range  and  aspect  were,  707  m  and  155°,  (zero  aspect,  head  on) 
respectively.  The  radiometer  field  of  view  at  the  plume  encompassed  the  vhole  of  the  1.5  kN  aiul  8.5 
kN  thrust  rounds  but  with  Che  12  kN  thrust  round  up  to  25%  could  have  been  outside  the  field.  The  quantity 
plotted,  Irradlance  is  the  radiant  power  per  unit  area  at  the  meesuremenc  instrument.  Fig.  11  shows 
the  H'.talled  results  for  the  8.5  kN  thrust  motor  and  It  can  be  seen  that  the  irradlance  falls  by  at 
least  one  order  of  magnitude  In  the  case  of  flame  suppression  of  the  exhaust. 


A 
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Optlal  iMer  transmission  through  flatae  suppregacd  plumes 

Sotie  work  has  been  carried  out  on  the  propagation  of  visible  light  wavelengths  iihrough  suppressed  and 
unsuppressed  p/unes.  The  beam  was  produced  by  a  Heilum-Neon  taser  operating  at  0«63  micron  wavelength 
In  the  vlsiblr  region.  The  results  show  that  for  the  S.5  kN  thrust  motor  transmission  levels  In  excess 
of  dSZ  were  obtained  with  flame  suppressed  motors.  Difficulties  arose  with  unsuppressed  rounds  due  to 
rocket  plume  emissions  influencing  the  laser  detector  and  It  was  difficult  to  obtain  a  reliable 
transmission  level  for  the  unsuppressed  motors. 

Trials  were  carried  out  to  examine  the  affect  of  flame  suppression  on  the  propagation  of  carbon  dioxide 
laser  beans  through  exhaust  plumes.  The  trials  were  carried  out  in  conjunction  with  the  optical 
emission  trials  using  suppressed  and  unsuppressed  motors  at  three  thrust  levels.  The  laser  used  on  the 
trials  Was  a  tunable  carbon  dioxide  laser  (Edinburgh  Instruments  Type  PL2)  operating  on  selected 
lines  in  the  9**11  micron  hand»  with  a  nominal  power  output  of  two  watts  continuous  wave  at  10.6  micron. 
The  laser  beam  was  directed  through  the  plune  at  90*  to  the  motor  axis  and  Intercepted  the  plume  on 
centre  line  at  a  dlstanes  of  25  notrle  diameters  from  the  expansion  cone.  Detection  of  the  beam  was 
achieved  using  a  multi-element  mechanically  scanned  thermal  Imager  (IR  IB  HK  1)  which  employed  time 
domain  integration  detectors  operating  over  the  8-12  micron  band* 

Coiaparlsons  of  the  transmission  properties  of  suppressed  and  unsuppressed  rounds  were  made  and  In 
each  case  the  beam  profile  In  the  “No  Fire**  conditions  Immediately  before  and  after  each  firing  was 
measured  to  enable  beam  steering  and  attenuation  effects  to  he  determined. 

Fig.  12  shows  the  results  obtained  for  the  12  kN  thrust  motor  with  the  laser  tuned  to  the  10.59 
micron  P20  line.  It  can  be  seer  that  during  the  firing  of  an  unsuppressed  round  considerable 
broadening  and  attenuation  of  the  laser  beam  occurs.  Comp^^rlaon  with  the  flame  suppressed  round 
shows  that  In  this  case  algnlflcancly  leas  broadening  occurs  with  the  beam  profile  becoming  much 
closer  to  the  **No  Fire**  condition.  Calculations  performed  for  these  two  firings  yield  transmission 
figures  of  approxlnttcely  602  for  the  unsuppressed  motor  rising  to  approximately  872  for  the  flame 
suppressed  round. 

Radar  transmission  through  flame  suppressed  plumes 

Measurements  of  the  attenuation  of  an  X-band  beam  traversing  both  a  *’>pre88ed  and  unsuppressed  plumes 
have  been  carried  out  both  at  IHI(S)  and  other  establishments.  The  trials  arrangement  at  IHI(S)  was 
for  an  X-band  transmitter  situated  close  to  the  nocsle  on  the  centra  line  of  the  motor  axla.'  The 
beam  was  arranged  to  intercept  the  plume  at  a  shallow  angle  some  25  noesle  diameters  from  th;;  exit 
olane.  This  vaj  calculated  as  being  the  hottest  region  of  the  burning  plume.  The  beam  was  detected 
hy  a  suitable  receiver  situated  approximately  If  metres  downstream  from  the  notsle.  Plane  suppressed 
and  uneuopreaaed  motors  were  fired  over  a  range  of  thrust  levels. 

An  example  of  the  results  obtained  is  given  in  Pig*  13* 

It  can  be  seen  from  this  result  that  burning  plumes  produce  a  high  level  cf  attenuation.  The  level 
o'  sttenuatlon  Increases  with  thrust  level.  Flame  suppression  however  dram^'tlcsUy  reduces  the 
tev«i  of  attenuation  and  over  a  range  of  thrust  levels  the  attenuation  becomes  effectively  zero  if 
ignition  and  burnout  effects  are  neglected. 

A  fu.'ther  series  of  trials  was  conducted  whereby  the  motors  were  flr*d  on  a  tower  9  metres  above 
ground  level  with  the  detector  placed  on  an  adjacent  tower.  The  object  oi  the  trial  was  to 
eliminate  any  possible  ground  reflections  of  the  radar  beam.  The  results  obtained  on  this  trial 
were  identical  to  the  i.dl(S)  trials  showing  that  radar  attenuation  for  a  burning  round  effectively 
falls  to  zero  when  the  plume  la  fully  flame  suppressed. 

Radar  attenuation  determinations  have  only  been  carried  out  for  X-band.  However*  there  Is  no  reason 
to  believe  that  similar  results  should  not  be  obtained  for  J  and  K  band  wavelengths. 

Effect  of  Flame  Suppression  on  Smoke  in  Rocket  Plumes 

The  use  cC  Potassium  Salts  as  flame  suppressing  additives  has  the  InevUable  effect  of  adding  to  the 
amount  of  smoke  produced  hy  motor  flrlias*  due  to  the  formation  of  condensed  phace  Potassium 
derivatives  appearing  as  a  white  smoke  downstream  of  the  motor.  However*  by  minimising  the  amount 
of  additive  required  for  a  particular  configuration  smoke  effects  can  be  kept  within  acceptable 
limits*  associated  with  minimum  smoke  propellants. 

Throughout  the  development  programme  smoke  evalwicion  was  carried  out  for  tl'U  \«j*a^ou8  additives  and 
methods  of  Incorporation.  The  malor  test  vehicles  for  this  programme  were  150  mm  coned  cigarette 
burning  charges.  The  charges  were  either  fired  statically,  usually  in  heavyweight  reusable  motors 
using  fully  expanded  conic.  >  nozzles*  or  fired  down  the  long  sledge  track  at  PEE  Pendlne  using 
production  standard  lightweight  equipment  In  each  case  the  smoke  produced  was  compared  with  two 
standard  charges  with  no  additive.  The  first  of  thes^  was  a  charge  cast  In  the  smoke  free 
Inhibition  system  described  previously.  The  second  standard  was  a  charge  cast  In  an  elastomeric 
Inhibitor  which  produces  a  slightly  higher  smoke  level,  but  one  which  Is  kno  m  to  be  acceptable 
or.  flight  firings  f'r  an  In  service  nlssllo.  Ihe  potasstun  containing  charges  were  cast  In  the 
smokeless  inhibitors  and  It  was  reasoned  that  If  the  smoke  levels  emitted  did  not  exceed  the 
standard  o/  the  sharges  cast  1 1  the  elastomeric  inhibitor  then  an  acceptable  standard  of  low  smoke 
had  been  achieved. 

The  levels  of  smoke  obtained  were  assessed  by  means  of  a  photometric  technique  with  the  incident 
beam  traversing  the  axis  of  the  plume  at  a  narrow  angle,  and  by  trained  visual  vbociv«(».  An  example 
of  the  results  obtained  Is  presented  In  Pig.  14. 
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These  show  that  when  aasesserl  by  the  photometric  technique  a  small  smoke  penalty  is  obtained. 

However  the  results  produced  by  visual  observers  show  a  larger  smoke  penalty  which  rises  as  the 
potassium  level  Increases. 

This  Is  not  an  Isolated  result;  the  sane  trend  has  occurred  on  numerous  other  occasions.  The 
explanation  for  these  results  appears  to  be  connected  with  the  nature  of  the  smoke  produced.  Potassium 
Hydroxide  Is  formed  In  the  exhaust  cloud  and  as  evidenced  by  the  perslstencv  of  the  cloud  In  still 
conditions  the  particle  size  of  the  smoke  Is  extremely  small,  probably  sub  micron.  The  absorbtlon  and 
scattering  coeVflolents  of  dilute  clouds  of  sub  micron  particles  are  extremely  small  and  therefore 
a  collimated  light  beam  would  be  expected  to  suffer  llttlq  attenuation  whilst  traversing  the  plume. 
However,  thie*  visual  smoke  signature  seen  by  an  observer  Is  caused  by  reflected  light  from  the 
individual  particles.  Although  the  reflection  coefficient  for  each  particle  Is  very  small  the  source 
of  Illumination,  in  thin  case  the  sky,  Is  extremely  large  and  ao  an  appreciable  total  amount  of 
reflected  light  la  received  hy  the  observer*  The  reflected  componenf  will  increase  as  the  source 
Illumination  Increases  and  certainly  the  visual  cbaervatlona  suggest  that  the  smokes  are  apparently 
thicker  and  whiter  under  bright  or  sunny  conditions  whereas  photometer  readings  remain  unchanged. 

As  a  further  demonstration  of  the  effect  of  the  additive  on  smoke  evolution,  charges  were  fired  along 
a  1  000  meter  sledge  test  track  at  PF.R  Pendlne. 

Control  rounds  were  fired  In  Che  two  Inhibitor  standards  and  again  Che  smoke  levels  produced  were 
assessed  by  trained  observers  both  visually  and  from  cine  records  taken  at  the  time  of  fl^'lng. 

The  results  of  these  firings  are  presented  In  Table  5  and  }t  can  he  seen  that  fairly  high  levels  of 
Potassium  can  be  incorporated  into  the  propellants  before  t^'e  smoke  level  rises  above  chat  produced 
by  the  elastomeric  Inhibitor. 

Conclusion 


Significant  advances  have  been  made  ever  the  last  decade  in  pxopellanta  of  properties  suitable  for  tactical 
weapons.  Higher  energy/density  CDB/EHCDB  propellants  are  available  which  are  smokeless.  Specific  impulses 
under  standard  conditions  of  2  400  Ks/kg  with  density  increases  of  7%  are  achievable  by  Nitramlne  fllle* 
loading. 

Equally  substanClal  advances  In  the  atate  of  the  art  have  been  demonstrated  In  secondary  flame  auppreaslon 
of  high  energy  propellant  boost  motors  with  minimum  smoke  penalty.  Flame  suppression  has  been  achieved 
at  low  additive  levels  for  nozzle  exit  plane  temperatures  up  to  I  700*C.  Plume  suppression  has  been 
efficiently  achieved  with  significant  nozzle  exit  area  blockage  by  thrust  vector  control  spoiler  devices, 
with  minimum  smoke  performance.  This  has  been  a  significant  development  for  tactical  missile  applications. 

The  consequential  beneficial  effects  of  flame  suppression  has  been  reduced  signature  and  improved 
transparency  of  the  cooler  plumes.  Visible  flame  is  eliminated  and  clgnature  in  the  Infra-red  spectrum 
or  reduced  radar  attenuation  have  been  improved  by  an  order  of  magnitude. 


Hlnlnum  S\aoke  Solid  Propellant  Rocket  Motors 
G.I*  Evans 

AlAA/SAR  8th  Joint  Propulsion  Specialist  Conference* 

AIAA  Paper  No.  72-1192 

Methacryllc  Co-polyraers; 
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Oox-Mlx  Systems 
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P.K.  Smith  :  G.I.  Evans 
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of  Flame  Suppression  on  the  Infra  Red  Radiation  Emitted  by 
a  Series  of  Cast  Double  Base  Propellant  Rocket  Motors 
J.A.  Donovan  :  J.M.  Rldout*  PERHE  Tech  Report  239  (1983) 

Measurements  of  the  Effects  of  a  Rocket  Motor  Efflux  on  Laser 
Beans 
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R.E.  Lawrence  :  J.M.  Rldout  :  B.C*  Webb.  PERHE  Memorandum  66 
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Table  1 
Group  I 


Unfilled 

Smokeless 


Family  of  Propellants 

CONVBNTIONAt  CDB 

- 1 - 

RDX  Pilled 
High  Energy 
Smokeless 


Filled  CDB 
Aluminium/Ammonium 
Perchlorate/RDX 


ELASTOMER  MODIFIED  CDB 


Unfilled 

Smokeless 


RDX  Filled 
High  Energy 
Smokeless 


Filled  CDB 
Alumlnium/Aramonium 
Perchlorate/RDX 


Table  2 

Class 

Smoke 

PROPELLANT  BAILISTIC  PROPERTIES 

Specific  Impulse 

Ns/kg 

Density 

yg/a 

Denslty/lnpulse 

MN/m^ 

CDB 

Minimum 

21<)0-2250 

1610 

3.52-3.62 

Filled  rnR 

Minimum 

2300-2400 

1650 

3.80-3.97 

Filled  onn 

Smokev 

2530 

1770 

4.48 

PHCDR 

Minimum 

2370 

1580 

3.77 

Filled  EMCnB 

Hlnlnum 

2450 

1650 

4.05 

Filled  F.MCDB 

Smokey 

2530b 

1770 

4.48+ 

Impuleeg  et  theoretlcel  full  expansion  fron  70  bar 

Conventional  hlnh  enemy  anokeleas  )  Burning  Rates  3ram/s  to 

RMCDB  high  energy  smokeless  )  42inn/8  at  TT  ^  Ko.ZZ/’C 

POTASSIUM  LEVEL  FOR  FLAME  SUPPRESSION 
STATIC  AND  TRACKED  FIRINGS 


Percentage  Potassium 
in  Propellant 


Firing  Method 

Static 

Static 

Static 

Static 

Static 

Tracked 

Tracked 

Tracked 

Tracked 

Tracked 


Continuous 

Flashes 

Plashes 

Out 

Out 

Continuous 

Out 

Out 

Out 

Out 
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Table  4  POTASSIUM  LEVEL  FOR  FLAME  SUPPRESSION  IN 

MOTORS  WITH  TVC  SPOILER  SYSTEM  * 


Percentage  Average  Tranaverae  Axial  Smoke  Flame 


Round  Fotaaalum  Tranamlaalon  %  Tranamtaalon  X  Without  aFull 

In  Propellant  0,5/^a  0.9/um  10.5/«n  _ Deflection  Deflection 


1 

0 

88 

91 

95 

99 

CONTINUOUS 

CONTINUOUS 

2 

0.28 

88 

96 

94 

96 

FLASHES 

CONTINUOUS 

3 

0.42 

84 

87 

96 

92 

OUT 

FLASHES 

4 

0.56 

88 

90 

93 

90 

OUT 

OUT 

MOTOR  EXIT 

PLANE  TEMPERATURE 

1690*K  :  *  TVC 

DEVICE 

OBSTRUCTING 

372  OF 

NOZZLE  EXIT  PLANE  AREA; 

RECOVERY 

TEMPERATURE  2850*K 


Table  5 

SMOKE  AND  FLAME  PROPERTIES  ON  TRACKED  FIRINGS 

FOR  VARIOUS  LEVELS  OF  POTASSIUM 

Round 

) ercentnge  Potassium 

In  Propellant 

Exhauat  Snoke  Visual 

Scale  1-5 

Flame 

1 

0 

1 

CONTINUOUS 

2 

0* 

2 

CONTINUOUS 

3 

0.14 

2 

PUSHES 

4 

0.14 

2 

FLASHES 

5 

0.28 

2 

OUT 

6 

0.28 

2 

OUT 

7 

0.56 

3 

OUT 

8 

0,56 

3 

OUT 

*  Higher  Snoke  Elastomeric  Inhibitor: 

In  smokeless  Inhibitor 

Remaining  Charges 

15 


Plaxre  U  Fffect  of  Flatnp  Suporessins  MUtlve  on  ftcko  Fnlsdlon 
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DISCUSSION 


N.S.Cohen,US 

From  what  you  have  presented  is  it  possible  that  the  mechanism  of  flash  suppression  by  potassium  salts  is  an  alteration 
of  the  thermochemistry  of  the  propellant  combustion  zone  rather  than  ionic  suppression  of  plume  reactions?  It  so 
would  this  not  lead  to  a  different  model  of  flash  suppression? 

Author’s  Reply 

You  could  conclude  that.  I  think  you  are  referring  to  the  type  of  potassium  salt  and  mode  of  incoi  poration  having  a 
pronounced  effect.  Most  workers  in  this  field  seem  to  rely  on  the  plume  gas  phase  ionisation  of  the  potassium  and 
interruption  of  the  flame  chemistry  free  radical  chain  reaction  as  the  sole  model.  I  have  no  information  or  evidence  on 
how  it  would  function  in  the  propellant  ccibuslion  zone  .  .owever,  1  firmly  believe  that  the  interaction  of  the  potassium 
salt  with  the  lead  salt  platonising  agent  to  destroy  catalysis  takes  place  in  the  condensed  phase  fizz  zone  interface. 


N.S.Cohen,US 

My  thinking  is  that  the  potassium  salts  promote  a  thermochcmical  equilibrium  in  the  propellant  combustion  zone  that 
does  not  otherwise  exist  in  minimum  smoke  propellants.  This  could  be  helpful  to  flash  and  stability  but  perhaps 
detrimental  to  olateau  ballistics.  A  common  thread  is  the  extent  to  which  carbonaceous  residues  are  produced.  HMX 
and  RDX  also  have  an  influence  on  this.  Did  those  motor  firings  shown  comparing  with  and  without  flame  contain 
stability  additives? 

Author's  Reply 

Yes.  In  the  trials  shown  the  higher  thrust  examples  used  a  radial  burning  propellant  charge.  The  latter  usually  requires 
an  instability  additive.  These  additives  are  chosen  to  be  both  refractory  and  chemically  inert  in  the  solid  and  gas  regions. 
This  enables  us  to  control  the  particle  properties  and  tune  the  size  and  density  of  the  instability  additive  to  the  acoustic 
frequency  and  minimise  mass  fraction  necessary.  The  amount  varies  between  0.5%  and  1%  by  weight. 


N.S.Cohcn.  U.S 

Did  you  look  at  the  use  of  potassium  in  these  motors  without  instability  additive? 

Author's  Reply 

Yes.  If  there  is  no  instability,  that  is  no  irregular  burning,  the  effects  arc  as  shown  in  the  presentation.  If  irregular 
burning  is  present  then  the  variable  thrust  affects  the  efficiency  of  the  potassium  salt  suppression  i.c.  the  minimum  mass 
fraction  of  potassium  salt  required  to  suppress  flame. 


N,S.Cohen,US 

Docs  the  potassium  salt  itself  act  as  an  instability  additive  in  your  work? 

Author’s  Reply 

We  have  looked  at  that  to  see  if  the  condensed  phase  potassium,  although  the  mass  fraction  was  small,  would  contribute 
to  acoustic  combustion  instability  suppression.  Its  effect  was  found  to  be  minor.  It  is  a  very  inefficient  form  of 
dampening  and  so  we  could  not  rely  on  potassium  alone. 


J.Heimerl,  GE 

For  the  record,  is  the  potassium  ion  suppression  mechanism  referenced  in  the  paper? 

Author’s  Reply 

The  postulation  mechanism  is  covered  in  a  number  of  reports  by  D  Jensen  and  his  team,  of  which  Chris  Mace  is  a 
colleague.  These  reports  are  referenced  in  the  paper.  I  should  point  out,  however  that,  the  predictive  model  predicts 
levels  of  potassium  required  for  suppression  much  higher  than  we  have  found  necessary  in  practice. 


J.Heimerl,  GE 

1  understand  the  Jensen  reports  involve  a  potassium  atom  not  ion  mechanism. 

Author’s  Reply 

My  reading  of  the  postulation  mechanism  was  of  a  potassium  ion  involved  in  3  body  collisions  recombining  radicals.  If 
an  atom  is  involved  it  implies  a  vapour  phase  which  at  the  exit  plane  and  shock  wave  temperature  will  be  largely  ionised 
and  in  progressively  approaching  the  threshold  of  flame  suppression  via  unstable  flame  then  such  high  secondary  flame 
temperatures  imply  a  very  high  degree  of  ionisation  of  the  potassium  vapour.  The  vapour  phase  as  opposed  to 
condensed  phase  potassium  is  assumed  to  be  the  more  efficient  supprcss.ton  state. 
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A.C.H.Mace,  UK 

There  is  an  clement  of  semantics  but  the  postulated  mechanism  involves  potassium  atom  and  hydroxide  species  through 
two  chemical  reactions.  K  -h  H  jO  sKOH  -b  H  and  K  -I-  OH  +  M  sKOH  +  M.  The  net  effect  is  to  accelerate  free 
radical  H  +  OH  recombination. 

E.Ajdari,  FR 

I  note  that  in  order  to  fix  or  predict  the  level  of  potassium  additive  you  take  account  of  the  nozzle  exit  plane 
temperature,  and  thrust  level  and  the  percentage  RDX  in  the  propellant.  Do  you  think  the  RDX  has  a  specific  chemical 
action  or  docs  it  act  by  modification  of  the  level  of  CO  and  hydrogen  in  the  gas  exiting  from  the  nozzle? 

Author's  Reply 

It  is  correct  that  we  take  the  nozzle  exit  plane  temperature  and  thrust  to  arrive  at  additive  level.  It  is  also  true  that  when 
ROX  is  present  we  require  significantly  less  potassium  than  this  empirical  model,  based  on  experiment  would  predict.  I 
do  not  know  the  mechanism  but  it  appears  to  be  chemical  because  it  significantly  affects  the  optical  properties  of  the 
smoke  cloud  beneficially  i.c.  at  the  same  potassium  mass  fraction,  exit  plane  temperature  and  thrust,  the  smoke 
properties  differ  significantly  if  RDX  is  present. 


E.AJdari,  FR 

Would  you  estimate  that  the  attenuation  of  a  laser  beam  in  presence  of  secondary  combustion  would  be  sufficient  to 
prevent  functioning  of  the  guidance  system  by  laser? 

Author's  Reply 

I  hope  the  presentation  made  clear  that  when  secondary  flame  is  present  the  plume  is  holler.  This  results  in  more 
diffraction,  dispersion,  broadening  of  the  laser  beam  and  the  attenuation  is  greater.  I  showed  you  two  test  firings  where 
the  transmission  of  a  1 0.6  pm  beam  was  60%  with  secondary  flame  present  and  87%  when  the  flame  is  suppressed.  1 
cannot  give  a  threshold  of  an  acceptance  because  this  depends  on  the  missile  guidance  but  in  general  a  missile  designer 
will  always  ask  for  the  maximum  transmission  or  minimum  attenuation. 


T.Valllani,  FR 

You  showed  diagrams  illustrating  interaction  of  potassium  additives  and  burning  rate  catalysts  to  destroy  plalonisalion. 
You  also  showed  method  of  incorporation  to  prevent  this  interaction.  Would  you  not  have  this  chemical  interaction 
occurring  on  ageing? 

Author's  Reply 

This  is  a  very  relevant  question.  The  paper  describes  that  where  such  additives  can  react  these  are  incorporated  in 
separate  granules  which  are  blended.  These  granules  retain  their  individual  identity  in  the  propellant  so  that  the 
ingredients  arc  spatially  separated.  Thus,  providing  the  ...gredients  arc  not  soluble  in  the  matrix  and  do  not  migrate, 
then  stability  with  ageing  is  ubinincd. 

lliis  IS  the  case  with  the  work  presented  here.  Our  normal  practice  in  qualifying  these  propellants  is  to  store  them 
continuously  at  60'C  for  24  weeks  and  to  monitor  the  platoniscd  burning  rate  at  4  week  intervals  to  demonstrate 
stability  of  burning  features. 


T.Vaillant,  FR 

You  have  shown  diagrams  of  the  effect  of  thrust  level  on  the  minimum  amount  of  potassium  necessary  and  you  say  the 
diagrams  use  optimum  nozzle  expansion.  Do  you  mean  that  optimum  nozzle  expansion  is  critical  or  do  you  mean  the 
nozzle  has  been  specially  adapted? 

Author's  Reply 

The  diagrams  you  refer  to  involved  trials  utilising  full  expansion  with  conie.il  nozzles.  Full  expansion  minimises  shock 
waves  and  standardises  the  comparative  trials.  Nozzle  .<’,tapc  design  is  covei  ed  elsewhere  in  separate  trials  and  is 
important.  Parallel  flow  designed  nozzles  arc  superior  to  conical  nozzles  in  reducing  shock  waves  and  reducing  the 
amount  of  potassium  to  suppress  flame.  Does  that  answer  the  question? 


T.Vaillant,  FR 
Yes. 
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SUMMARY 

During  the  Ucvelopment  of  a  plaConlaed  cast  dcublo  base  propellant  It  was  noted  that  a  spread  of  burning 
rates  from  batch  to  batch  was  obtained*  Subsequently  batches  of  the  propellant  persistently  showed  a 
marked  decrease  In  gas  crack  llfetlmct  on  accelerated  ageing,  compared  with  earlier  satisfactory 
results. 

Extensive  work  showed  the  stability  problem  to  bo  associated  with  a  chemical  reaction  between  the 
ballistic  modifiers*  This  reaction  was  reproduced  In  the  laboratory,  while  at  the  same  time  the 
ballistic  variability  of  the  propellant  was  under  Investigation.  It  became  apparent  that  the  chemical 
Interaction  between  the  modifiers  affected  the  propellant  platonlsed  burning  rate  and  that  the 
by-products  of  this  reaction  cause  the  accelerated  agoing  problem.  This  understanding  allowed  a  new 
ballistic  modifier  to  be  developed  which  helped  eolve  the  stability  problem  while  at  the  same  time  give 
much  more  reproducible  ballistics* 

1.  INTRODUCTION 


Ballistic  modifiers  have  been  used  in  nitrocellulose,  bared  propellants  since  their  discovery  and 
exploitation  In  the  1950*8.  They  modify  the  burning  rate  *  pressure  relationship  of  a  propellant 
so  that  the  pressure  exponent  'n*  Is  reduced  over  a  useful  preosur^  range  this  region  Is  called 
a  plateau  when  n  •  0* 

Platonlsed  propellantr  offer  considerable  advantages  over  unplatonlsed  formilatlons  In  reducing 
tne  variability  In  motor  performance  over  the  temperature  range  of  operations. 

Work  In  the  area  of  ballistic  modifiers  has  tended  to  concentrate  on  two  topics: 

(1)  studying  and  modelling  of  propellant  burning  rates  to  understand  the  mode  of  action 
ballistic  modifiers  <1,  2  and  3) 

<il)  investigating  propellant  processing  aspects  and  Ingredient  dispersion  with  respect  to 
plateau  development  and  burning  rate  control  <4,  5). 

This  paper  e: olores  one  example  from  an  area  which  has  not  received  the  same  amount  of  attention 
in  the  past,  namely  the  chemical  Interactions  of  ballistic  modifiers  in  propellant  either  during 
or  after  manufacture.  It  Is  often  assumed  that  ballistic  modifiers  are  added  tc  ropellant  during 
manufacture  and  remain  In  the  propellant,  essentially  as  they  were  added,  until  required  to 
catalyse  combustion  processes.  Here  an  example  of  the  chemical  Interaction  between  two  ballistic 
modifiers  Is  described  with  Its  resultant  effect  upon  propellant  ballistics  and  stability. 

2.  EXPEUIMENTAL  OBSERVATIONS 


During  the  development  of  a  Lead  B  Resorcylate  (LBR)  Basic  Copper  Salicylate  (BCS)  modified 
propellant  formulation  It  became  apparent,  as  ballistic  data  from  a  number  of  batches  were 
collected,  that  a  spread  of  platonlsed  burning  rates  was  obtained.  The  spread  of  values  was  up 
to  +  3ffla/sec  on  the  mean  burning  rate.  Further.the  reproducibility  of  the  plateau  character  also 
displayed  some  variability.  These  phenomena  are  shown  In  Figure  1.  The  spread  of  burning  rates 
and  plateau  shapes  was  wider  than  expected  from  the  usual  experlenca  of  batch  to  batch  variations 
In  casting  powder  manufacture.  It  might  be  argued  that  such  a  spread  of  ballistics  merely 
demonstrated  variability  In  the  casting  powder  mixing  schedule.  Conventionally,  by  achieving 
good  Ingredient  blending  and  a  satisfactory  processing  record  (le.  sufficient  work  on  the  casting 
powder  dough)  a  well  platonUed  propellant  formulation  is  obtained.  A  poor  processing  record  cn 
a  propellant  dough  gives  on«/  a  partly  developed  plateau.  A  descriptive  illustration  of  this  Is 
given  In  Figure  2.  However  such  an  explanation  did  not  seem  to  fit  the  experimental  observations 
In  this  case.  Further,  work  done  at  one  of  the  Government  Research  Establishments  *-  PERHE 
Waltham  Abbey  -  suggested  that  plateau  development  In  this  propellant  type  was  a  function  of  the 
solvent  system  used. 
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The  original  evaluation  of  the  long  term  propellant  stability  as  determined  by  the  Silvered 
Vessel  Test  and  the  Crack  Cube  Test  showed  It  to  be  satisfactory.  Crack  life  values  obtained  for 
the  early  powders  are  shown  at  the  top  of  Table  !•  The  crack  cube  testi  which  determines  the  gas 
crack  lifetime  of  the  propellant^  is  considered  acceptable  if  the  propellant  has  a  crack  life  in 
2”  cubes  stored  at  80*C  of  greater  than  10  days  (equivalent  to  20  years  or  greaterat  20®C). 

With  these  early  results  work  on  the  propellant  development  continued,  with  the  main  emphasis  on 
tlghtenitig  and  improving  the  batch  to  batch  variability  of  the  ballistics. 

However  during  routine  batch  testing  of  casting  powder  lots  for  ballistics  and  stability,  It  was 
observed  that  the  propellant  crack  life  in  2"  cubes  stored  at  80*C  had  dropped  markedly  to 
between  2  and  5  da***,  compared  with  the  previous  figures  of  14  days  and  above,  as  can  be  seen 
from  Table  1.  Another  observation  made  was  that  some  of  these  casting  powders  had  a  grey  bloom 
on  the  surface  of  the  granules  which  had  not  been  observed  previously.  Repeated  manufacturing  of 
batches  of  casting  powder  all  showed  poor  propellant  •..rack  life  results.  All  the  powders  showed 
good  absolute  and  bulk  densities  and  qave  satisfactory  powder  liquid  ratios, so  these  parameters 
had  not  changed. 

However  the  propellant  was  now  suffering  from  a  gassing  phenomenon,  presumablydue  to  nitric  ester 
breakdown,  which  was  not  evident  In  the  earlier  batches.  Vacuum  stability  results  on  chopped 
propella.it  stored  at  80*C  for  7  days  showed  that  about  1ml  of  gas  (at  STP)  was  evolved  per  gram 
of  propellant. 


3.  FURTHER  WORK  -  RESULTS  AND  DISCUSSION 

(a)  Propellant  Stability 

The  work  done  on  the  propellant  stability  problem  may  be  presented  under  the  headings  given 
below: 

(i)  vnservations  and  analysis 

(11)  An  examination  jf  the  individual  ingredients  and  formulation 
variations 

(Hi)  A  re-'eyaminatlon  of  the  old  powdev  batches 
(Iv)  Casting  powder  processing 

This  follows  rather  loosely  the  chronological  order  in  which  the  work  was  carried  out. 

(1)  Observations  and  Analysis 

A  grey/white  bloom  was  often  noted  on  samples  of  this  casting  powder  formulation  when  it 
was  more  than  a  few  months  old.  The  bloom  growth  continued  as  a  function  of  time.  It  was 
found  to  be  water  soluble,  was  washed  off , recovered  and  analysed.  Results  from  x**ray 
diffraction,  melting  point  and  IR  analysis  showed  it  to  be  B  resorcyllc  acid  obviously 
from  the  lead  salt  modifier  !*«  i.he  propellant.  An  examination  of  a  range  of  powder 
batches  showed  differing  degrees  of  blooming,  and  although  it  appeared  that  In  some  powder 
batches  the  LBR  was  undergoin  .  hydrolysis,  this  did  not  appear  to  correlate  with  the  poor 
propellant  crack  life. 

The  propellant  rheology  between  good  and  bad  batches  was  not  considered  to  be  significant 
in  this  work  as  it  was  shown  that  even  substantially  increasing  the  propellant  tensile 
properties  had  little  effect  upon  the  propellant  gst;  crack  life. 

As  propellant  gassing  or  r.ltric  ester  breakdown  generally  occurs  after  stabiliser 
consumption,  samples  of  cracked  propellant  were  examined  for  stabiliser  content.  This 
showed  that  the  propellant  contained  significant  quantities  of  stabiliser  when  gas 
cracking  occurred*  It  was  therefore  obvious  that  the  gassing  reaction  in  the  propellant 
was  fairly  vigorous  and  not  contained  by  the  stabilisers. 

(il)  An  Examination  of  Individual  Ingrec ients  and  Formulation  Variants 

One  of  the  first  thoughts  in  this  work  was  to  check  the  efficacy  of  the  propellant 
stabilisers.  A  number  of  batches  of  casting  powder  were  made  with  different  batches  of 
stabilisersand  using  double  quantities  of  stabilisers,  but  without  increasing  the  gas 
cracklife  of  the  propeU>«nt  -  see  Table  2. 

Initially  all  the  analysis  reccrds  of  batches  of  ingcedients  used  in  'good'  and  'bad' 
stability  batches  of  casting  powder  were  examined  against  their  specifications,  and 
nothing  signxficant  was  observed. 

However  it  waa  observed  during  this  exercise  that  the  'good'  batches  of  casting  powder  had 
all  been  made  from  one  lot  of  Nitrocellulose  (NC).  This  NC  batch  had  a  higher  chalk  level 
at  0.44T  compared  with  powders  made  subsequently  which  gave  poor  craeA  lives  and  had  chalK 
levels  of  0.3  to  0.332!.  Tet  all  the  NC  batches  gave  similar  heat  test  and  Bergmann  and 
Junk's  Test  values.  This  prompted  the  manufacture  of  casting  powder  from  low  medium  and 
high  chalk  content  NC,  the  results  of  which  are  shown  in  Table  2.  These  show  that  the 
chalk  level  has  little  effect  ou  the  propellant  stability.  Nitroglycerine  (NG),a  further 
raw  material  in  this  propellant,  was  not  « ispected  of  contributing  to  the  stability 
problemas  it  fully  met  its  specification  r  \d  in  the  wide  range  of  NEC  casting  powders  no 
other  stability  difficulties  had  een  observed. 
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Although  the  Ingredients  met  their  respective  specif ications»  items  like  a  toateri^l's  104 
v/v  pH,  specific  surface  or  moisture  content  were  believed  might  affect  their  reactivity 
and  thereby  their  compatibility.  Results  here  suggested  that  the  carbon  black  used,  which 
showed  acidic  behaviour  with  its  low  10%  v/v  pH  and  the  copper  salicylate,  which  could 
have  high  specific  surface  areas,  mighw  be  reactive  ingredients*  This  prompted  an 
examination  of  various  ingredients  from  alternative  suppliers,  where  possible.  The 
results  are  shown  in  Table  2.  They  demonstrate  that  although  a  range  of  NC's  of  different 
Nitrogen  contents,  stabilisation  cycles,  a^es  and  from  different  manufacturers  were  used; 
carbon  blacks  from  different  batches  and  sources  with  both  acid  and  basic  pU's  were 
tested;  and  copper  salicylates  from  different  batches  and  aouices  were  employed  none  of 
tnese  markedly  Improved  the  propellant  crack  life. 

’Magllte',  (synthetic  calcined  magnesite)  an  acid  acceptor,  was  used  in  an  experiment  to 
counter  the  acidic  pH  of  the  carton  black  in  case  this  was  affecting  the  propellant 
stability.  The  propellant  crack  life  improved  to  7  days  (see  Table  2).  However  this 
result  was  difficult  to  explain  as  the  ori^^nal  good  casting  powder  had  been  made  using 
the  same  carbon  black  having  the  sane  10%  w/v  pH  as  that  used  in  poor  batches. 

The  various  minor  casting  powder  Ingredients  were  then  checked  in  two  series  of  vacuum 
stability  tests.  In  the  fire*,  of  these  the  dry  ingredients  **  Lead  B  Resorcylate,  Basic 
Copper  Salicylate  and  Carbon  black  were  mixed  with  chopped  samples  of  the  propellant  base 
matrix  le.  NC,  NG,  plasticisers  and  stabilisers  immediately  prior  to  testing,  as  in  a 
typical  compatibility  test.  The  gassing  results  gave  the  following  order  of  reactivity: 

Carbon  Black  (CB)  **  Basic  Copper  Salicylate  (BCS)  >  Lead  B  ResorcylatefLBR)  which  tended 
to  suggest  that  the  carbon  black  might  be  expected  to  cause  gassing  problems  in  the 
propellant.  This  experiment  was  followed  up  by  one  in  which  small  scale  batches  of  the  CDB 
propellant  formulation  were  made  Jncorporatlng  the  various  minor  ipp.redients  at  the 
correct  levels  either  on  their  own  or  in  combinations.  The  chopped  propellant  was  again 
submitted  for  vacuum  stability  testing  and  the  results  are  shown  in  Table  3.  These 
results  show  that  the  ranking  order  for  gassing  is  now:’* 

BCS  4-  CB  >  BCS  +  LBR  4-  CB  >  BCS  alone  *  other  ingredients. 

This  suggests  that  it  is  the  Basic  Copper  Salicylate  In  the  final  Incorpor'itted  formulation 
either  on  its  own  or  with  carbon  black  or  with  LBR  and  carbon  black  that  gives  rise  to 
propellant  gassing.  All  other  combinations  liberate  considerably  less  gas. 

In  order  to  teat  this  hypothesis  batches  of  casting  powder  were  made  In  an  omission  of 
ingredients  experiment.  The  stability  results  are  shown  in  Table  A  and  plainly  show  that 
It  is  the  Basic  Copper  Salicylate  which  is  implicated  in  the  gaa  cracking  reactions.  This 
suggested  an  avenue  of  approach  to  eolvlng  the  problem  by  studying  formulations  without 
any  Copper  Salicylate.  However  the  presence  of  Basic  Copper  Salicylate  is  required  to  give 
the  required  platonlsed  ballistics. 

The  effect  of  doubling  the  stabiliser  content  or  changing  the  stabilisers  or  their 
respective  ratios  however  had  no  effect  on  reducing  the  propellant  gassing  in  which  the 
Basic  Copper  Salicylate  was  implicated. 

At  this  point,  since  the  Basic  Copper  Salicylate  in  recent  batches  was  the  source  of  the 
propellant  gassing  problems,  it  was  decided  to  * ^ok  back  at  the  older  ’good’  atabillty 
powders  to  try  to  understand  why  they  gave  good  crack  lives. 

(Hi)  A  Re"examlnatlon  of  the  Old  Powder  Batches 


One  of  the  previous  good  casting  powders  was  submitted  to  both  analytical  and  crack  life 
testing.  The  powder  had  a  good  heat  test  result,  acceptable  stabiliser  content  and  shoved 
evidence  of  slight  blooming  not  observed  previously.  This  was  shown  to  be  2,4 
dlhydroxybenzolc  acid  as  described  above*  The  vacuum  stability  test  on  the  powder  gave  a 
value  similar  to  that  seen  in  recently  mcnufactured  poor  crack  life  batches*  After 
casting  the  propellant  it  was  found  to  have  a  crack  life  of  only  3  to  A  days  and  not  lA 
days  as  seen  previously  (see  Table  1). 

This  was  a  baffling  result  which  was  not  Immediately  explainable. 

(Iv)  Processing 

Work  in  this  area  tended  to  overlap  with  the  studies  of  the  ballistic  variability,  however 
only  the  aspects  of  processing  not  directly  affecting  the  ballistic  modifiers  are 
described  here. 

The  need  to  tailor  the  solvent  systems  and  their  quantities  to  the  type  of  casting  powder 
being  made  in  order  to  give  adequate  processing  has  long  been  recognised*  So  It  was 
postulated  that  the  processing  solvents  and  their  quantities  might  have  had  some  effect 
upon  the  casting  powder  and  hence  the  propellant. 

A  number  of  solvent  ratios  were  inveatigated  initially  with  the  normally  employed  solvent 
system.  These  had  no  effect  upon  the  propellant  cisck  life,  see  Table  5.  Predissolving 
the  casting  powder  stabiliser  in  processing  nolven.a  prior  to  incorporation  had  no  effect 
either  on  the  propellant  crack  life.  The  platonlsed  ballistics  observed  lay  within  the 
usual  spread*  A  number  of  less  gelatinising  solvent  systems  were  also  examined.  These 
solvents  tend  to  have  a  lower  moisture  content.  Although  they  shoved  poor  plateau  quality 
ballistics  (Figure  3)  they  did  give  a  crack  life  of  7  days.  The  poor  ballistic  quality 
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seen  was  ascribed  to  the  'dryness*  of  the  solvent*  as  It  was  already  known  from  PERMS 
Waltham  Abbey  work  that  moisture  In  the  processing  solvents  was  required  to  allow  plateau 
development. 

The  casting  liquid  used  to  cast  the  propellant  was  also  subject  to  examination.  The 
addition  of  larger  quantities  of  stabilisers,  plasticisers  and  nitrocellulose  cross 
linking  agents  were  investigated  but  none  of  these  Improved  tho  crack  life  of  the 
propellant. 

(b)  Propellant  Processing 

The  casting  powder  processing  work  commenced  with  a  view  to  Improving  the  ballistic 
reproducibility  of  the  propellant  about  the  sam^  time  as  the  onset  of  the  stability  problem.  The 
Importance  of  the  processing  findings  to  the  stability  problem  became  apparenw  as  the  work 
progressed. 

The  work  may  be  split  under  ti.e  following  headings: 

(I)  Pretreatment  of  the  ballistic  modifiers 

(II)  Laboratory  trials  and  the  Importance  of  water 
(ill)  The  effect  of  water  on  the  casting  pooler 

(iv)  Formation  and  testing  of  a  mixed  ?b  Cu  organometallic  complex 

(1)  Pretreatment  of  the  Ballistic  Modifiers 

It  was  known  from  reported  work  at  PERM£  Waltham  Abbey  that  the  presence  of  moisture  helps 
develop  the  plateau  In  Lead  B  Resorcylate  Basic  Copper  Salicylate  modified  propellants. 

As  the  solvent  used  during  casting  powder  incorporation  has  a  minor  but  significant  water 
content  the  lead  and  copper  salts  were  submitted  to  vigorous  mixing  In  the  ratios  used  In 
the  casting  powder.  Similar  experiments  were  also  tried  by  increasing  the  water  level  In 
the  solvent.  Also  examined  was  the  predlsperslon  of  all  the  minor  Ingredients.  The 
moisture  level  was  observed  to  be  critical  in  allowing  the  formation  of  a  good  plateau 
while  allowing  normal  propellant  processing  to  occur.  Results  show  a  well  developed 
plateau  with  a  narrow  spread  of  platonlsed  rates  (with  one  exception).  Some  typical  plots 
are  given  in  Figure  4.  Other  forms  of  pretreatment  of  the  modifiers  Involved  adding  them 
during  the  NC/NG  wet  mixing  process  and  again  a  well  platonlsed  propellant  of  essentially 
the  same  rate  as  those  abcve  was  obtained  *  sec  Figure  4.  These  results  confirmed  the 
suggestion  from  Waltham  Abbey  that  water  was  important  to  the  plateau  development.' 

When  these  powder  batches  were  examined  for  their  propellant  crack  life  stability,  they 
showed  a  general  Improvement  over  those  normally  seen  *  see  Table  6. 

This  was  the  first  direct  suggestion  that  Che  reaction  between  the  lead  and  copper  salts 
affected  the  propellant  stability  as  well  as  the  ballletics.. 

This  work  led  to  Che  laboratory  examination  of  the  reactions  Involved  between  Lead  B 
Resorcylate  and  Basle  Copper  Salicylate. 

(11'  Laboratory  Trials  and  the  Importance  of  Water 

The  compounds  Lead  B  Resorcylate  and  Basic  Copper  Salicylate  were  Investigated  singly  and 

together  in  a  range  of  polar  and  non  polar  organic  solvents,  as  well  as  water,  Oder 

different  conditions  of  mUlng  and  temperature.  The  reaction  products  were  examined  in 
each  case. 

The  conclusions  of  this  work  were  that  a  reaction  cook  place  between  the  lead  and  copper 
salts  Co  form  a  mixed  lead  and  copper  organometallic  complex  of  the  two  acid  anions  with 
Che  liberation  of  some  of  theB  resorcylate  and  salicylate  as  free  acids. 

There  was  no  significant  hydrolysis  of  either  LBR  or  BCS  unless  forcing  conditions  were 
employed. 

The  reaction  between  the  lead  and  copper  salts  was  shown  to  require  the  presence  of  a 
protic  solvent  for  it  to  occur  with  any  marked  reaction  rate*  Water  Is  a  good  protic 
solvent  and  the  need  for  such  a  solvent  Is  explained  by  the  fact  that  part  of  the 

thermodynamics  driving  this  reaction  might  appear  to  be  the  formation  of  the  free  acids  B 

Renorcyllc  and  Salicylic* 

A  postulated  route  to  the  formation  of  the  complSA  Is  given  in  Figure  5.  This  allows  the 
observed  reaction  to  take  place  at  an  appreciablerate,  which  would  be  unlikely  between  two 
solid  particles,  and  explains  the  importance  of  solvents  arl  water. 

(ill)  The  Effect  of  Water  on  the  Casting  Fowler 

Whilst  the  above  work  was  progressing,  and  after  the  importance  of  water  had 
beendemonstraced,  trials  to  generate  the  complexation  reactl^^n  between  LBR  and  BCS  in  situ 
in  casting  powder  were  undertaken.  The  process  used  was  water  steeping  of  the  powders. 
This  was  found  to  help  develop  the  plateau  and  Increase  the  platonlsed  burning  rates  *■  see 
Figure  6.  It  was  observed  that  a  fairly  tight  spread  of  ballistics  is  obtained  over  all 
the  trials  with  rates  almost  Identical  to  the  work  ^epor^^d  above  when  the  modifiers  were 
pretreated  prior  to  being  Incorporated.  The  crack  lifetimes  were  tested  on  the  propellant 
and  are  reported  In  Table  7.  These  values  of  7'‘14  days  show  a  big  Improvement  over  the 
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unsteeped  powders*  So  steeping  not  only  allows  cooplexaticn  to  improve  the  ballistics  It 
also  benefits  the  propellant  stability,  presumably  by  removing  theacidic  by-products  of 
the  reaction* 

However  with  powder  steeping  a  balance  had  to  be  struck  to  allow  complexation  to  occur 
between  the  modifiers  as  well  as  removing  the  acidic  impurities  on  the  one  hand  and  not 
leeching  out  propellant  stabiliser  on  the  other. 

(iv)  Formation  and  Testing  of  a  Mixed  Lead  &  Copper  Organometalllc  Complex 

Having  made  and  Isolated  a  reaction  product  between  Lead  B  Resorcylate  and  Basic  Copper 
Salicylate  it  was  characterised  and  a  number  of  repeat  preparations  of  the  material  were 
carried  out*  This  showed  that  a  specifiable  characterised  material  could  be  reproduclbly 
made. 

The  material  was  Incorporated  into  propellant,  making  a  small  adjustment  to  the  old 
formulation*  The  new  casting  powder  formulation  was  made  and  cast  into  propellant  which 
gave  swell  platonised  propellant  of  reproducible  ballistics  -  see  Figure  7  -  with  the  same 
burning  rate  as  the  old  formulation* 

this  propellant  also  showed  good  accelerated  ageing  stability  with  a  crack  life  of  14 
days,  a  Silvered  Vessel  Test  of  84  days  and  a  Vacuum  Stability  Test  of  about  0.2  mis  gas/g 
propellant* 

Obviously  the  gassing  reactions  in  the  propellant  are  now  much  reduced  as  Instanced  by  the  vacuum 
stability  data  and  this  is  reflected  in  the  satisfactory  crack  life  figure*  Repeated  powder 
manufacture  gives  propellant  with  a  well  developed  plateau  (see  Figure  7)  and  a  spread  of  burning 
rates  of  +  I  mm/sec  or  better  about  the  mean  value,  and  a  crack  life  range  from  14-17  days* 

In  a  deliberate  attempt  to  age  the  new  casting  powder  formulation,  followlrg  experience  related 
above,  a  sample  was  stored  at  43*C  for  2  months.  The  powder  stability  and  boat  test  were  still 
satisfatory  and  on  casting  the  propellant  showed  no  change  in  its  ballistics  or  stability 
characteristics  (see  Figure  7>* 

(c)  Synthesis  and  Conclusions 

Having  demonstrated  that  making  and  using  the  Lead  B  Resorcylate  Basic  Copper  Salicylate  complex 
in  casting  powder  both  solved  the  stability  problems  of  the  propellant  as  well  as  giving 
reproducible  ballistics  all  the  other  observations  made  during  this  study  fall  into  place*  The 
explanation  of  these  early  observations  Is  given  below: 

In  the  initial  casting  powder  batches,  which  gave  good  crack  lives,  processing  had  obviously  not 
allowed  the  formation  of  the  modifier  complex  with  release  of  free  acids,  so  the  propellant 
stability  was  satisfactory*  However  upon  standing  in  the  casting  powder  the  two  modifiers  had 
obvlouoly  started  to  react  together,  releasing  Incompatible  free  acids  causing  powder  bloom  and 
reducing  the  propellant  crack  life*' 

The  bloom  seen  on  casting  powders  was  identified  as  B  Resorcyllc  acid  which  had  been  shown  to  be 
s  by-product  of  the  modifier  complexation  reaction*  The  extent  of  powder  blooming  was  always 

rather  variable  and  no  doubt  depended  upon  the  rate  of  reaction  of  the  lead  and  copper  modifiers 

and  the  diffusion  rate  of  any  add  to  the  granule  boundary. 

The  addition  of  MagUte  D  to  the  casting  powders  improved  the  propellant  stability.  It  was  added 
originally  to  counter  any  acidity  of  the  carbon  black,  however  It  no  doubt  acted  by  countering 
Che  acidity  of  the  free  B  resorcyllc  and  salicylic  acids  from  the  complexation  reaction. 

The  removal  of  BCS  from  the  casting  powder  formulation  greatly  improved  the  propellant  stability 
not  because  of  any  Incompatibility  of  the  material  but  because  no  modifier  complexation  would 
then  occur  with  the  subsequent  release  of  the  free  acids* 

Using  dry  solvent  systems  during  casting  powder  processing  Improved  propellant  crack  life  and 
gave  rather  poor  quality  ballistics*  This  can  be  explained  In  that  to  form  the  modifier  complex 
the  presence  of  moisture  or  wster  is  required, so  without  It  the  lead  and  copper  salts  had  not 
reacted, so  little  Incompatible  free  acids  would  be  released*  The  poor  quality  ballistics  are 
probably  due  to  two  effects  -  poor  processing  of  the  propellant  dough  on  account  of  the  solvent 

system  used  and  alack  of  the  active  modifier  complex  to  promote  platonised  burning* 

In  Che  initial  trials  using  water  or  moist  solvents  to  process  the  modifier  salts  the  stability 
of  the  propellant  Improved  but  not  to  a  satisfactory  level.  This  la  thought  to  be  due  to  the 
fact  that  the  free  acids  from  the  complexation  were  not  being  carefully  enough  removed  and  there 
was  no  guarantee  that  the  reaction  between  the  modifiers  was  complete. 

Casting  powder  steeping  was  a  way  of  forming  the  modifier  complex  in  situ  as  well  as  washing  out 
the  free  acids*  Hence  Its  success  in  raising  the  crack  life  and  giving  good  ballistics*  The 
drawback  of  powder  steeping  was  the  leeching  out  of  stabilisers* 

The  separate  manufacture  and  assessment  of  the  complex  tied  together  the  two  strands  of  this  work 
-  ballistic  variability  and  propellant  stability  and  allowed  many  observations  which  seemed,  at 
the  time,  rather  unrelated  to  fit  well  together. 
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TABLE  I 


GAS  CRACK  LIFETIMES  FOR  EARLY  AND  SUBSEQUENT  BATCHES  OF  CASTING  POWDER 


POWDER  BATCH 

FORMULATION 

PROPELLANT  CRACK  LIFE, 

DAYS  AT  80 'C 

Early  bate*  es 

Standard 

14 

•• 

30 

35 

Subsequent  batches 

- 

5 

•• 

5 

- 

2 

3 

Early  batches  '"'cast  later 

- 

3-4 

TABLE  2 


GAS  CRACK  LIFETIMES  OF  VARIOUS  FORMULATION  VARIANTS 


FORMULATION 

PROPELLANT  GAS  CRACK  LIFETIME* 

DAYS  AT  80'C 

CHANGED  STABILISER  BATCHES 

4 

DOUBLE  STABILISER  1 

i 

DOUBLE  STABILISER  2 

5 

CHALK  FREE  NC 

3 

STANDARD  CHALKED  NC 

5 

HIGH  CHALK  NC 

4 

V.-RIATIONS  IN  MINOR  INGREDIENT  LEVELS 

3-4 

MINOR  INGREDIENTS  PROM  DIFFERENT  SOURCES 

3-5 

NC  FROM  ALTERNATIVE  SOURCE 

3 

STANDARD  NC 

3-5 

BLASTING  SOLUBLE  NC 

3 

NEW  BATCH  NC 

5 

DIFEERENl'  GRADES  OF  CARBON  BLACK 

3-7 

ADDITION  OF  MAGLITE 

7 

DIFFERENT  PLASTICISER 

3 

*  The  figures  given  are  representative  of  a  such  larger  colle’:tion  of  results 


TABLE  3 


VACUUM  STABILITY  RESULTS 

MINOR  INGREDIENTS  INCORPORATED  INTO  THE  BASIC  MATRIX 


BASIC  MATRIX 

MINOR  INGREDIENT 
INCORPORATED 

GAS  EVOLVED  dIs 

PER  GRAM  OF 
PROPELLANT 

NC/Ne/PLASriClSER 

None 

0.62 

NC/NG/PLASTICISER/STABILISERS 

jnc 

0.20 

" 

LBR 

0.20 

BCS 

1.59 

" 

Carbon  Black 

0.27 

•• 

LBR+  Carbon  Black 

0.32 

•• 

BCS  +  Carbon  Black 

3.62 

•• 

LBR  +  BCS 

0.26 

•• 

LBR  +  BCS  +  Carbon  Black 

.  - 

2.96 

LBR  *  Lead  R  Resorcylace  8CS  ~  Basic  Copper  Salicylate 

TABLE  4 

THE  EFFECT  OF  SINGLE  INC»£LIgHT  OHMISSION 
ON  CAS  CRACK  LIFE  OF  THE  PROPEl> ANT 


FORMULATION  VARIANT 

GAS  CRACK  LIFETIME,  DAYS  AT  80'C 

OMITTING  CARBON  BLACK 

4-7 

OMITTING  BCS 

18 

OMITTING  LBR 

3 

BCS  "  Basic  Copper  Salicylate 
LBR  "  Lead  B  Resorcylate 


TABLE  5 


THE  EFFECT  OF  PROCESSING  SOLVEMT 
UPON  PROPELLANT  CAS  CRACK  UPE 


FORMULATION 

PROCESSiiC'; 

— 

CRACK  LIFETIME  OF 
PROPELLANT  IN  DAYS 

AT  80*C 

Standard 

Norieal  solvents 

3 

Noraal  aoivents  Increased  level 

4 

Norcsel  tiolveuto  stabiliser  dispersed 
In  solvent 

3 

Dry  solvent  systrs 

7 

TABLE  6 

THE  EPFSCT  OF  PRETBEATMENT  OF  THE  BALLISTIC  MOPtPIERS 
ON  ?ROPELL.U)T  CAS  CRACK  LIFE 


r 

FORMULATION  VARIANT 

CILICX  LIFBjIME  OF  PROPELLANT  IN 
DAYS  «T  8I/‘C 

Modlflere  predisporsed  tn  solvent  +  vster 

6 

Modifiers  predlspefseu  in  wot  solvent 

b 

Uet  Incorporation 

7 

Modifiers  added  at  KC/NG  uet  s»lxlng 

7 

All  alnor  Ingredients  In  alcohol  before 
incorporation 

3 

Log  £>ueMG 


17-12 


FIOUPE  3 

PTECT  CF  IHXKSING  ON  BAalSTlCS 


Log 
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Log  Peas^uec 
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DISCUSSION 


R.Lanteri  Minet,  FR 

Is  the  copper  salicylate  in  your  composition  basic  or  neutral?  Is  it  the  salieylate  with  one  copper  atom  for  two  acids  with 
free  phenol  functions?  I  ask  because  in  treating  neutral  copper  salicylate  with  ether  or  ether  alcohol  you  can  convert  it 
to  the  basie  form  with  release  of  free  salicylic  acid.  I  demonstrated  this  equilibrium  30  years  ago,  which  affects  stability. 

Author’s  Reply 

The  copper  salicylate  used  was  the  basic  form  with  one  salicylate  entity  to  one  copper  atom.  We  were  aware  of  the  work 
with  ether  solvents  but  in  our  case  we  were  not  using  ether  solvent  systems. 


H.Austruy,  FR 

You  have  presented  results  wif.  two  salts  namely  lead  ($  resorcylate  and  copper  alieylate.  Do  you  have  other 
experience  of  the  formation  c  iilisation  of  other  complexes  resulting  from  othe.''  salts?  Are  they  specifically  for  rate  of 
burning  purposes? 

Author's  Reply 

The  short  answer  is  that  there  are  such  other  instances  of  complexes  formed  in  casting  powder  from  the  use  of  two 
individual  burning  rate  ingredients.  We  can  discuss  this  outside  the  meeting. 
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DIRECT  EROSIVE  BURNING  MEASUREMENTS  OP  A 
REDUCED-SMOKE  SOLID  PROPELLANT  ROCKET  BY 
PLASH  X-RAYS 
by 

T.  Constantlnou,  Defence  Scientist 
Defence  Research  Establishment  Valcartler 
P.O.  Box  8800,  Courcelette 
Quebec,  Canada  GOA  IRO 
and 

D.  Greatrlx,  Researcher 
Institute  for  Aerospace  Studies 
University  of  Toronto 
1)925  Dufferli,  St.,  Downsvlew 
Ontario,  Canada  H3H  5T6 


SUMMARY 

Despite  the  multitude  of  models  available,  proper  erosive  burning  modelling 
continues  to  be  a  difficult  task  in  the  Internal  ballistic  prediction  of  solid-propellant 
rockets  with  high  volumetric  loading.  The  majority  of  models  have  been  based  on  erosive 
burning  measurements  using  small  motors,  window  motors  and  with  such  techniques  as 
Imbedded  probes  or  Interrupted  burning.  Such  methods  however  are  not  believed  to  exhibit 
the  real  combustion  procejs.  The  flash  X-ray  technique  using  full-size  motors  gives  a 
more  realistic  measurement  of  burning  rates.  This  technique  can  be  used  to  evaluate  the 
different  erosive  burning  models  and  estimate  their  coefficients.  Purthermore,  using  an 
internal  ballistic  code  with  different  erosive  burning  models,  a  pressure-time  record  can 
be  obtained  and  compared  to  experimental  data.  A  comparison  and  evaluation  of  the 
different  models.  Is  thus  possible.  Data  based  on  static  firings  of  reduced-smoke  motors 
have  been  analyzed  by  the  above  method  and  the  results  are  presented. 


NOMENCLATURE 

A  Kreldler's  experimental  erosion  coefficient 

Aj  Core  cross-sectional  area 

A,  Core  cross-sectional  area  at  the  left  position  of  a  core  segment 

Aj  Core  cross-aeotlonal  area  at  the  right  position  of  a  core  segment 

B  Kreldler's  experimental  erosion  coefficient 

C  Burning  rate  constant 

C,  Kreldler's  erosion  constant 

Cj  Kreldler's  erosion  constant 

Cp  Effective  apeolflo  heat  of  the  combustion  products  at  the  flame 

Cg  Specific  heat  of  the  solid  propellant 

CP  Cyllndrlcally  perforated 

DREV  Defence  Research  Establishment  Valcartler 

d  Diameter  of  port 

E  Kreldler's  erosion  coefficient 

f  Darcy-Welsbaok  friction  f..etor 

G  Mass  flow  velocity 

G-Q  Greatrlx-Gottlleb  model 

Gpy  Threshold  mass  flow  velocity 

Q»  Mass  velocity  required  for  Mach  1  condlti '.!s  In  the  same  channel 
h  Effective  convective  heat  transfer  coefficient 

h.  The  convective  heat  transfer  coefficient  under  zero  transpiration 
HPTB  Hydroxyl -terminated  polybutadiene 

k  Effective  thermal  conductivity  at  the  flume 

kg  Green's  experimental  erosion  coefficient 
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L  Distance  measured  from  the  motor  head  end 

L-R  Lenolr-Roblllard 

M  Molecular  weight  of  the  propellant  gases 

H  Mach  number 

• 

ra  Mass  flow  rate 

n  Burning  rate  exponent 

n,,  Experimental  constant  In  Green's  equation 

P  Pressure 

Pj  Head  pressure 

Pr  Prandtl  number  of  combustion  products  at  the  flame 
R  Oas  constant 

Re^j  Reynolds  number  based  on  dlajeter 

rjj  Total  burning  rate 

rj  Nominal  pressure-dependent  burning  rate 

r*  Correlation  coefficient 

S  Segment  wall  surface  area 

T  Qas  temperature 

Tf  Propellant  flame  temperature 

T|  Inltla]  propellant  temperature 

Tg  Propellant  surface  temperature 

u  Qas-flow  velocity 

a  Erosion  coefficient  In  Lenolr-Roblllard  law 

e  Parameter  In  Lenolr-Roblllard  law 

Y  Ratio  of  specific  heats  of  combustion  gas 

e  Propellant  roughness  height 

ii  Absolute  viscosity  of  the  conbustlon  products  at  the  flame 

Opp  Propellant  density 


1.0  INTRODUCTION 

Erosive  burning  of  the  rocket  propellant  grain  refers  to  the  sensitivity  of  the 
burning  rate  to  the  gas-flow  velocity  parallel  to  the  burning  surface.  The  .-esultlng 
erosive  effect  Is  most  pronounced  in  the  early  stages  of  combustion  when  the  ratio  of  the 
port  cross-sectional  area  to  the  nozzle  throat  area  is  smallest.  It  Is  particularly 
evident  In  rockets  with  high  propellant  loading  and  large  length/diameter  ratios. 

This  phenomenon  can  cause  significant  variations  In  the  performance  of  the  rocket 
motor,  arising  from  variations  In  mass  burning  rate  and  thus  In  operating  pressure,  since 
the  grain  Is  prevented  from  burning  In  parallel  layers  as  Is  generally  assumed  In 
performance  calculations.  The  erosive  effect  could  be  diminished  by  Increasing  the 
Initial  port  oross-zeotlonal  area,  but  the  volumetric  loading  factor  and  motor 
performance  are  consequently  compromised.  In  most  practical  applications  the  ratio  of 
the  port  cross-sectional  area  to  the  nozzle  throat  area  lies  between  2  and  A.  Thus  the 
effect  of  erosive  burning  cannot  be  ellmlnafed  and  must  be  taken  into  account  In  the 
design  calculations.  Cons.o"ently,  a  knowledge  of  the  erosive  burnli j  characteristics  of 
a  particular  propellant  is  i  aclal  to  the  elimination  of  the  aforementioned  problems 
through  proper  modification  of  the  motor  and/or  grain  design.  Thorougli  knowledge  ran 
even  lead  to  Improvements  in  rocket  performance  by  proper  use  of  the  erosive  burning 
characteristics  to  obtain  a  particular  pressure-time  profile  desired. 

To  imp"ove  the  understanding  of  erosive  burning,  many  experimental  Investigations 
have  been  carried  out  and  several  empirical  and  seml-eraplrlcal  theories  have  been 
developed.  The  aim  of  these  studies  was  to  determine  the  dependence  of  the  burning  rate 
on  mass  flow  rate  and  on  other  flow  characteristics  In  the  central  port.  Although 
sometimes  the  theories  agree  well  with  the  experimental  results  shown  by  the  author,  they 
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do  not  have  a  universal  character.  Furthermore  the  semi-empirical  models  make  use  of  a 
certain  number  of  constants  that  have  to  be  determined  from  experimental  data. 

Therefore,  these  models  are  of  no  use  in  predicting  the  erosion  function  of  a  new 
propellant  since  numerous  experiments  would  be  required  in  order  to  accurately  determine 
the  constants  which  describe  these  erosive  functions. 

The  objective  of  this  paper  is  to  provide  an  experimental  evaluation  of  the  various 
empirical  and  seml-emplrlcal  expressions  for  erosive  burning.  It  Is  essential  that  the 
various  models  be  Judged  on  the  merit  of  comparison  to  accurate  experimental  data,  with 
as  little  ambiguity  due  to  the  apparatus  as  possible.  It  was  thought  that  the 
radiographic  technique  can  provide  the  means  for  this  analysis.  A  new  model  Is  also 
described  that  does  not  rely  on  any  arbitrary  constants.  Experimental  data  obtained  with 
the  X-ray  technique  show  good  agreement  with  this  model  and  the  Lenoir-Roblllard  law. 
However  further  data  comparisons  from  different  sources  are  needed  to  build  confidence  in 
this  new  model. 


2.0  THEORETICAL  MODELS  OF  EROSIVE  BURNING 

Literature  reviews  on  erosive  burning  studies  have  been  reported  by  several  authors 
(Refs.  1,  2).  Razdan  and  Kuo  (Ref.  2)  in  their  most  recent  review  group  the  theoretical 
models  in  four  major  categories,  according  to  the  physical  basis  of  each  model.  These 
are:  (1)  the  phenomenological  heat  transfer  theory,  (11)  Integral  boundary  layer 
analysis,  (111)  modification  of  the  propellant  combustion  mechanism  fnd  (Iv)  chemically 
reacting  boundary  layer  analysis.  Most  of  the  early  models  fall  in  .he  first  category. 
These  models  are  not  only  relatively  simple  but  also  produce  satisfactory  results.  They 
could  also  be  easily  Incorporated  Into  large  Internal  ballistic  codes  and  used  for  motor 
performance  prediction.  Since  these  models  are  of  prime  Importance  to  Internal 
balllstlclans  for  simulation  studies,  this  paper  focusses  on  them;  their  capability  to 
accurately  predict  erosive  burning  Is  also  assessed. 

2.1  Lenoir-Roblllard  (L-R)  Model 

Lenoir  and  Roblllard  (Ref.  3)  were  the  first  to  develop  a  promising  model  to 
describe  erosive  burning  based  on  the  heat-transfer  theory.  This  has  become  the  most 
popular  model  amongst  users  because  of  Its  Inherent  simplicity,  easy  coding 
characteristics  and  adequate  motor  performance  accuracy  that  resulted.  They  postulated  a 
reciprocal  relationship  between  local  convective  heat  transfer  to  the  propellant  surface 
and  an  additive  erosive  burning  rate  component  In  the  form: 


where  rj,  Is  the  total  burning  rate,  rg  Is  the  pressure-dependent  burning  rate,  r^  Is  the 
erosive  burning  rate,  h  Is  the  effective  convective  heat  transfer  coefficient,  Tj.  Is  the 
propellant  flame  temperature,  T,  Is  the  propellant  surface  temperature,  T.ls  the  Initial 
propellant  temperature,  Pp_  Is  the  propellant  density  and  Cg  Is  the  speciric  heat  of  the 
solid  propellant.  Evaluation  of  h  Is  critical  to  the  Lenoir-Roblllard  model.  They 
assumed  (Ref.  3)  an  X-dependent  flow  development  along  the  propellant  grain,  and  used  an 
empirical  expression  developed  by  Rannle  (Ref.  A)  for  h  under  transpiration.  The  erosive 
burning  equation  Is  generally  given  as 


®  L^'*^  exp  (Sr,,  Pp^/G) 

where  a  and  S  are  generally  determined  from  experimental  data,  G  Is  the  mass  flow 
velocity  rate,  and  L  Is  the  distance  as  measured  from  the  motor  head  end. 

For  many  motor  geometries,  the  Lenoir-Roblllard  model  compares  well  with  the 
available  experimental  data.  Of  course,  since  the  mode)  is  seml-emplrlcal  with  two  free 
constants  In  the  general  case,  this  agreement  can  be  considered  at  least  partly 
fortuitous . 

2.2  King's  Modification  to  the  L-R  Law 


Some  authors  have  attempted  modifications  to  the  L-R  equation  to  remove  some  of  the 
empiricism  with  marginal  success  for  general  appiloablllty  (Refs.  5,  6).  As  studies  In 
erosive  burning  continued,  criticisms  emerged  In  the  literature  on  the  validity  of  the 
L-f,  model.  Some  researchers  opted  for  more  complicated  model  Ing  of  this  phenomenon 
resulting  In  some  very  extensive  models  (Ref.  2).  These  will  not  be  treated  here. 

However  King  (Ref.  5)  suggested  a  simple  modification  to  the  L-R  law  by  claiming  that  the 
L-R  model  failed  to  account  for  the  fact  that  Increased  burning  rate,  caused  by  erosive 
feedback  at  constant  pressure,  results  In  the  propellant  flame  being  pushed  further  from 
the  surface,  decreasing  the  heat  feedback  rate,  and  thus  decreasing  the  propellant 
burning  rate  back  toward  the  base  rate.  King  derived  the  following  modified  equation  to 
account  for  the  above  mentioned  deficiency: 


r 


(3), 
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Other  researchers  (Refs.  7,  8)  developed  similar  relations  and  came  to  the 
conclusion  that  the  L-R  model  overpredicts  the  burning  rate  especially  in  large  motors. 

2.3  Kreldler's  Model 

Kreldler  (Ref.  9),  derived  a  different  equation  for  erosive  burning  based  on  partial 
motor  firings  and  the  use  of  clneradlographlc  techniques.  His  results  showed  that  the 
erosion  ratio  (r/r^)  is  a  simple  function  of  local  mass  velocity  and  pressure  above  a 
threshold  velocity  and  that  this  limit,  Q(.y,  varied  directly  with  pressure. 

1  ^  (0  -  Otv)  ("J 


where  G  »  ^  «  average  mass  velocity  in  the  grain  port,  «  A  +  BP  and  A,  B,  E  and  n^ 
are  experimental  erosion  coefficients. 

2.4  Green's  Equation 


Green  (Ref.  10)  in  an  earlier  study  had  presented  a  relationship  correlating  erosion 
ratios  in  terms  of  a  reduced  mass  velocity 


^  ”  1  +  kg  (5), 

where  kg  is  an  experimental  erosion  coefficient,  0  ^  *  average  mass  velocity  in  the 

grain  port  and  G*  -  mass  velocity  required  for  Mach  1  conditions  in  the  same  channel 


G* 


Y  P8 
Y  -  1  2  If  T 


(6) 


where  y  Is  the  ratio  of  specific  heats  of  the  gas,  Pj,  is  the  head  pressure,  R  is  the  gas 
constant  ,  M  is  the  molecular  weight  of  the  propellant  gases  and  T  is  the  gas 
temperature. 


2.5  Greatrlx-Gotclleb  Model 


In  searching  for  a  generally  applicable  but  practical  model  for  erosive  burning  of 
composite  propellants,  Greatrlx  and  Gottlieb  (Ref.  11)  have  developed  a  theoretical  model 
based  on  the  convective  heat  transfer  postulate  of  Lenoir  and  Roblllard.  Modifications 
to  the  general  postulate  include  an  assumption  of  fully-developed  flow  along  the  long, 
small-diameter  grain,  surface  roughness  effects  and  an  alternative  expression  for  the 
convective  heat  transfer  coefficient.  The  pertinent  equations  for  the  Greatrlx-Gottlleb 
model  are  summarized  below:- 


where 


r  n  +  _ 


pr  ^s  f'^'s 


'TTT 


.(7) 


nr  « 

exp  ^  -  1 


h»  "  I  Rej  Prl/3  £  ^ 
.  -2  logio  [^7^^  +  . 


Rej 


Od 

u 


(8) 

(9): 

(10) 

(H) 


where  C  is  the  effective  specific  heat  of  the  combustion  products  at  the  flame,  hj  is 
the  convective  heat  transfer  coefficient  under  zero  transpiration,  k  is  the  effective 
thermal  conductivity  at  the  flame,  Pr  is  the  Prandtl  number  of  the  combustion  products  at 
the  flame,  f  is  the  Darcy-Welsback  friction  factor,  t  is  the  propellant  roughness  height, 
Re^  is  the  Reynolds  number  based  on  diameter,  and  u  is  the  absolute  viscosity  of  the 
combustion  products  at  the  flame.  It  should  be  noted  that  the  Greatrlx-Gottlleb  model 
does  not  require  an  evaluation  of  a  free  constant  for  the  erosive  burning  rate. 


3.0  EXPERIMENTAL  MEASUREMENT  OF  EROSIVE  BURNING 

Most  experimental  methods  make  use  c*"  indirect  measuring  methods  where  a  sample  of 
propellant  is  placed  downstream  of  the  principal  motor  in  a  device  equipped  with  windows 
to  permit  observation  of  the  effects  of  flow  velocity  on  the  burning  rate  of  the  sample. 
Difficulties  arise  when  the  results  are  applied  to  real  motors.  Early  direct  methods 
(Ref.  1),  on  the  other  hand,  have  not  met  with  much  more  success.  Measurements  from 
quenched  grains  were  not  very  accurate.  Data  obtained  with  probes  burled  in  the  grain  to 
detect  the  passing  of  the  flame  front  were  also  left  with  the  problem  of  introducing 
foreign  elements  into  the  rocket  motor  environment  and  their  unknown  interaction  with  the 
combustion  process.  The  radiographic  technique,  however,  overcomes  these  problems  since 
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an  X-ray  picture  of  the  actual  motor  chamber  Is  taken  at  some  precise  Instant  of  time. 

Our  initial  experiments,  which  employ  current  technology  in  X-ray  image  production  show 
that  this  method  holds  considerable  potential  and  more  accurate  measurements  should  be 
possible  in  the  near  future. 

3.1  Experimental  Procedure 

Several  70-mm  solid  rocket  motors  with  reduced-smoke  composite  propellant  and  with 
cyllndrically  perforated  (CP)  grains  were  fired  at  DREV  to  study  erosive  burning  via 

y  in 

the  static  firing  facilities  at  DREV.  A  single  flash  X-ray  of  the  motor  was  taken  during 
each  firing  at  some  predetermined  time  after  ignition.  A  Field  Emission  flash  X-ray  unit 
model  180  kvolts  was  used  for  this  purpose.  The  time  was  different  for  each  firing  and 
thus  a  burning  history  of  the  rocket  motor  was  obtained.  With  a  CP  grain,  the  port 
remains  cylindrical  to  a  high  precision  and  the  problem  is  reducei  to  determining  the 
inner  and  outer  diameter  of  the  propellant.  This  is  done  by  making  a  diametral  scan 
across  a  radiograph  with  a  microdensitometer.  Figure  1  presents  an  intensity /distance 
profile  obtained  by  traversing  the  rocket  motor  through  a  narrow  X-ray  beam.  The 
accuracy  can  vary  depending  on  the  quality  of  the  X-ray  film;  it  is  expected  that 
accuracies  better  than  0.05  mm  can  be  achieved  by  this  method.  This  process  was  carried 
out  for  about  20  points  along  the  rocket  motor. 

Once  the  inner  and  outer  diameters  were  determined,  the  data  were  converted  into 
forms  such  as  propellant  web  distance  burned  and  weight  of  propellant  burned  between 
measu-ement  stations.  Using  the  computed  value  of  propellant  web  burned  as  a  variable, 
the  variable  versus  burning  time  relationship  was  determined  by  fitting  a  third-order 
polynomial  to  the  data  points.  Differentiation  of  this  curve  then  yields  the 
instantaneous  burning  rates.  The  total  mass  flow  rates  through  the  grain  port  can  be 
determined  in  a  similar  manner  by  differentiating  the  polynomial  fitted  through  the 
points  of  weight  of  propellant  burned  versus  burning  time.  However,  a  more  elegant 
method  was  chosen  for  the  evaluation  of  the  local  flow  variables  pressure  P,  local  mass 
velocity  Q  and  local  Mach  number  M  along  the  grain  at  a  given  time.  It  should  be  noted 
at  this  point  that  the  nozzle  throats  of  the  rocket  motors  used  in  these  experiment  were 
eroding  during  firing.  Therefore  a  calculation  of  the  throat  size  at  each  time  an  X-ray 
picture  was  taken  is  necessary. 

The  general  one-dimensional  hydrodynamic  conservation  equations  for  both  steady  and 
unsteady  gas-particle  core  flow  in  the  motor  are  readily  derived  (Ref.  11).  These 
equations  may  include  the  effects  of  friction,  heat  transfer  to  and  from  the  motor  walls, 
radial  dilatation,  axial  area  change,  offset  and  direct  mass,  enthalpy  and  kinetic  energy 
addition  from  the  propellant,  particle  drag  and  heat  transfer.  For  the  present  work, 
moat  of  the  above  effects  are  very  weak  and  can  be  neglected.  Assuming  a  gas  phase  only 
for  the  core  flow,  the  hydrodynamic  equations  can  be  reduced  to  a  quasi-steady,  finite- 
difference  scheme  as  denoted  below  for  a  given  segment  from  the  motor  core: 

Pi  Ppr  '’b,  *  Pz  *2  “2  • 

p,  A,  uj  +  p,  (-‘  )  <■  P2  A2  Uj  +  Pj  (-1  (13) 

2 

Pj  A,  u,  (Cp  T,  +  -^)  +  pp^  r^^  S,  Cp  Tf. 

-  Pj,  Aj  Uj  (Cp  Tj  +  H^)  ,  (14) 

where  the  subscripts  1  and  2  denote  the  left  and  right  positions  of  a  core  segment  of 
length  dx,  A  is  the  core  cross-sectional  area,  and  S  is  the  segment  wall  surface  area 
(id  •  dx).  Equations  [12]-[14)  are  respectively  the  continuity,  momentum  and  energy 
equations  of  the  gas  flow.  The  equation  of  state  is  also  required  to  complete  this 
scheme : 

P  =  pRT  (15) 

where  R  is  the  specific  gas  constant  of  the  combustion  products.  The  above  4  equations 
are  a  closed  system  which  give  an  algebraic  solution  to  the  unknown  flow  variables  (p,  , 
p,,  Uo,  Tj),  wltn  the  local  rp  given  from  experimental  measurements.  It  should  be  noted 
that  this  approach  is  more  accurate  than  that  presented  by  Kreldler  (Ref.  9),  which 
neglects  the  effect  of  mass  addition  and  area  on  the  governing  hydrodynamic  equations. 


radiography.  The  oropellant  formulation  consisted  of  12*  HTPB  binder,  0.55*  Fe20, 
catalyst  and  87.45*  ammonium  perchlorate  oxidizer.  The  motors  were  fired  verticall 


4.0  DATA  REDUCTION 

Once  the  local  variables  P,  G  and  M  are  determined,  plots  of  the  associated  burning 
rate  versus  the  various  erosive  related  functions  were  made  to  determine  the  empirical 
constants.  All  erosion  models  were  considered  in  this  fashion  except  the 
Oreatrix-Gottlleb  model  which  does  not  rely  on  any  empirical  constants.  The  nominal 
burning  rate  was  reduced  from  small  ballistic  motor  firings  and  for  the  particular 
propellant  used  in  these  experiments,  St-Robert's  law  r  =  cP'^,  can  be  expressed  as 

r  =  0.000417  pO-363  „/s  (16) 

where  F  is  expressed  in  kPa. 
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l|.l  Lenolr-Roblllard  Law 


Equation  (1),  may  be  rewritten  as 

qO.8 

p  •  S  d  M  ^ 

0  L'^“^  exp  (Brp/G) 


(17) 


or 


where  f(6) 


r  -  r^  =  a  f(6) 

gO-8 

L^-*;  exp  (Brp/G)’ 


(18) 


Lenoir  and  Roblllard  found  B  to  be  apparently  Independent  of  propellant  Identity  and 
having  a  value  around  53-  Some  subsequent  authors  (Refs.  6,  9  and  12)  have  used 
different  values  for  B  according  to  their  derivation  from  first  principles  and  obtained 
good  agreement  between  theoretical  and  experimental  results.  For  the  DREV  propellant 
considered  here  the  values  B  “  78.9  and  B  =  110  also  resulted  In  satisfactory  motor 
performance  predictions  In  the  past  (Ref.  12).  Therefore  a  parametric  study  was  carried 
out  for  these  three  different  values  of  B  (53,  78.9,  110)  and  plots  of  r  -  r.  versus 
f(6  =  53),  f(B  *  78.9)  and  f(B  •  110)  were  drawn  up  to  obtain  the  corresponding  values  of 
a  by  linear  regression  (Figures  2-<t).  These  appear  In  Table  I.  The  correlation 
coefficient  r^  la  also  shown  to  Indicate  the  measure  of  linear  correlation  be*'  en  the 
two  variables. 


TABLE  I  Constants  In  the  L-R  Law 


a 

B 

Correlation  Coefficient 
r2 

0.00002776 

53 

0.79 

0.0000396 

78.9 

0.73 

0.00005825 

no 

0.71 

*t.2  King's  Modification  to  the  Lenolr-Roblllard  Law 


King's 

Figures  5-7 
values  for  B 


modification  to  the  L-R  law  can  be  rewritten  as  r  -  %  •  a  ( — r-o — - 1  ' 

‘l  exp  (Brp/G)' 

^  0  8 

show  a  plot  of  r  -  versus  — 2-^- - —  using  the  three  different 

.  The  corresponding  erosion  coefffc?ents*’a  are  shown  In  Table  II. 


TABLE  II  Constants  In  King's  Modification  to  L-R  Law 


a 

Correlation  Coefficient 
B  r2 

0.00009386 

53 

0.63 

0.00006179 

78.9 

0.61 

0.0000898 

110 

0.59 

9.3  Kreldler's  law 

Kreldler's  law  can  be  rewritten  as  r  -  r,  =  ^  (G  -  G,.y)  and  with  n  «  n^  and 
Gtv  '  A  -t  BP  where  B  »  0  for  these  experlmen?aj  measurements,  the  law  reduces  to 

r  -  r,  =  CEG  -  CEA 

**  Cj  C2O. 

After  a  plot  of  r  -  rg  vs  G  (Fig.  8),  these  constant  were  determined  by  linear 
regression. 

C,  -  -0.1858  X  10-2 
C,  =  0.9065  X  10-5 
E  =  0.00979 
A  =  957.1 

with  a  correlation  coefficient  r^  =  0.80. 
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ll.lt  Green's  Law 


With  some  manipulation  Green's  law  can  be  reduced  to  r 

empirical  constant.  Figure  9  presents  a  graph  of  r  -  rj  vs 
line  going  through  the  origin  (k^ )  is  determined.  Thus  k| 
kg  =  0.005881)  with  a  correlation  coefficient  r^  =  0.80. 


G  r* 

-  rj  =  kj  -jT-H-  where  kj  is  an 

and  the  slope  of  the 
■  31251)  and  Green's  constant 


5.0  DISCUSSION  OP  RESULTS 

Once  the  empirical  constants  of  these  models  were  determined  then  points  of  measured 

burning  rate  versus  the  theoretical  burning  rate  described  by  the  various  models  were 

plotted  to  see  the  agreement  obtained  (Pigs.  10-18).  A  good  correlation  would  have  the 
points  fall  on  top  of  a  line  45*  to  the  horizontal. 

As  can  be  seen  for  all  models,  the  points  are  scattered  around  this  45*  line.  Since 

a  proper  choice  of  the  constants  was  made  in  all  cases,  the  45*  line  passes  through  the 
middle  of  these  points.  However,  it  is  the  degree  of  scatter  that  gives  an  indication  as 
to  how  much  the  model  digresses  from  the  actual  results.  It  is  seen  that  King's 
modification  to  the  L-R  law  results  in  greater  scatter  tending  to  indicate  that  King's 
modification  is  rather  inappropriate  (Pigs.  13-15).  Green's  and  Kreldler's  model  seemed 
to  do  rather  well  as  the  smaller  scatter  might  indicate  (Pigs.  16,  17).  However,  other 
considerations  such  as  fully  empirical  constants  in  the  equations  would  tend  to  make  such 
apparently  good  performance  seem  Insignificant. 

The  Greatrlx-Gottlleb  model  seems  to  predict  burning  rate  as  well  as  any  of  the 
other  models,  although  the  45*  line  is  a  little  off  center  (Pig.  18).  This  is  to  be 
expected  since  the  model  la  not  normalized  with  empirical  constants. 

Figures  19  and  20  depict  the  burning  rate  profiles  along  the  propellant  grain  for 
two  specific  times  during  the  firing  of  the  test  motor.  Due  to  technical  circumstances, 
experimental  recording  of  grain  dimensions  between  0  and  15.3  cm,  and  between  43.2  and 
65.5  cm,  did  not  take  place.  These  gaps  resulted  in  a  slight  aberration  of  the 
theoretical  curves,  since  they  are  based  on  the  finite-difference  data  reduction  code's 
estimation  of  local  flow  variables.  Nevertheless,  the  curves  predicted  by  the 
Greatrlx-Gottlleb  and  Lenolr-Roblllard  raodela  compare  well  to  the  experimental  data.  The 
coefficients  a  and  0  (2.89  x  lO'-'  m^*°  kg~"'°  and  78.9  respectively)  for  the 

Lenolr-Roblllard  equation  were  selected  from  a  curve-fit  of  previous  motor  firing  data 
(Ref.  12). 

Differences  between  the  predictive  models  are  small  In  this  case,  though  the  general 
pattern  of  the  Lenolr-Rohlllard  model  predicting  stronger  erosive  burning  near  the  head 
end  and  weaker  erosive  burning  with  greater  distance  as  compared  to  the  Greatrlx-Gottlleb 
model  is  quite  evident.  The  "negative  erosion"  effect  was  not  observed  either 
experimentally  or  theoretically  near  the  teat  motor  head  end. 

As  a  final  test  the  Grain  Design  and  Internal  Ballistics  Evaluation  Program 
fRef.  13)  was  used  to  predict  the  motor  operating  pressure  based  on  some  of  these  models. 
Figures  21  and  22  show  the  results  of  this  study.  The  Lenolr-Roblllard  model  with 
6  •  53,  a  *  0.0000278  came  closest  to  the  measured  Internal  pressures.  This  would  tend 
to  signify  that  the  claim  that  the  value  of  6  =53  tends  to  hold  true  In  this  case.  The 
curves  of  the  other  models  with  8  •  78.9  and  8  ■■  110  were  off  the  experimental  curve  by  a 
noticeable  amount.  Green's  and  Kreldler's  models  were  off  quite  a  bit  from  the 
experimental  points  and  It  seemed  that  the  curves  were  not  very  sensitive  to  the 
empirical  constants. 

Although  this  particular  performance  prediction  code  can  handle  linear  eroding 
throat  functions.  It  Is  throught  that  non-llneat Itles  In  throat  erosion  exist  that  tend 
to  alter  the  real  results  from  the  simulation  study.  Thus  these  errors  have  not  been 
eliminated  in  the  present  study. 

6.0  CONCLUDING  REMARKS  AND  RECOMMENDATIONS 

The  radiographic  technique  can  provide  researchers  with  the  added  capability  to 
carry  out  accurate  erosive  burning  rate  measurements  In  order  to  predict  the  actual 
burning  rate  during  motor  firings. 

As  was  expected  all  empirical  models  can  predict  erosive  burning  accurately  enough 
If  the  constants  are  chosen  properly  for  the  part'cular  case.  Green's  model.  In 
particular,  seems  to  give  a  good  agreement  betwee..  theory  and  exoerlment  as  the  narrow 
spread  of  points  might  indicate.  However,  such  agreement  is  really  fortuitous  and  the 
empirical  model  might  break  down  for  a  slightly  different  motor. 

The  internal  ballistic  code  seems  to  be  geared  towards  the  seml-emplrlcal  L-R  model 
because  of  Its  relatively  sound  derivation  and  more  general  applicability.  An 
Improvement  to  this  popular  model  has  been  shown  In  this  paper  with  the  Greatrlx-Gottlleb 
ec'iatlon  as  the  model  does  not  depend  on  any  empirical  constants  for  the  erosive  burning 
calculation.  This  new  model  would  be  of  great  utility  to  rese-irohers  especially  when  the 
performance  of  a  new  propellant  motor  Is  desired. 
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The  apparent  agreement  between  the  experlmenta!  data  and  the  predictive  model  of 
Oreatrlx  and  Gottlieb,  and  the  model  of  Leroir  and  Roblllard,  is  encouraging. 
Neverthaleas,  further  experiments  are  necetsary  to  provide  more  conclusive  evidence  of 
the  viability  of  these  predictive  models.  Experiments  contemplated  at  DREV  Include 
rocket  motors  with  non-eroding  nozzle  throats  and  pressure  transducers  along  the  grain 
length  to  eliminate  any  errors  from  the  calculation  of  these  two  parameters.  A  double 
exposure  radiograph  will  be  attempted  since  it  will  tend  to  remove  film  to  film 
variations  and  increase  the  data  output  per  test  at  least  threefold,  if  the  flash  X-ray 
unit  can  be  pulsed  with  sufficient  rapidity. 
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DISCUSSION 


N.S.Cohen,  US 

King  has  developed  a  reduced  smoke  propellant,  ei  os'vc  bui  ning,  combustion  model  that  is  in  the  direction  of  meeting 
your  objective  of  having  a  better  predictive  model  tha  accounts  for  changes  >n  propellant  formulation.  1  am  using  a 
model  similar  to  that  in  an  erosive  burning  study  that  is  similcn  .v.irs.  Leon  Strand  at  JPl .  is  using  a  plasma 

capacitance  gauge  technique  for  direct  measurement  of  bn  n  rate  ii/  -■  cylm  incal  fain  nioior.  I  use  '.he  model  to 
generate  a  table  of  burn  rate  as  a  function  of  pressure  and  local  svioc.  ty,  and  I  inp  it  this  table  I'lto  a  simple  ballistics 
code  for  a  cylinder  with  the  measured  data.  I  also  lake  the  ‘niedsuicd'  burn  rtitc  as  a  function  oi  lime  and  positii'n.  and 
input  that  to  the  code,  and  that  gives  me  a  second  calculated  pussufe-tane  curve  so  that  I  may  cvalute  the  accuracy  o! 
the  ‘measured’  burning  rates.  1  suggest  that  you  do  the  same  in  your  owi.  woi  k,  so  as  to  have  a  oettcr  combustion  model 
and  to  check  your  measured  burning  rales. 

Author's  Reply 

As  1  pointed  out,  this  was  not  an  exhaustive  study  of  erosive  burning  models  bitl  i  .thcr  a  study  o:'  certain  eiosive 
burning  models  that  are  presently  used  in  the  big  international  ballistic  code'  like  the  i  lerculcs  and  SPP  programs 

The  method  you  have  described  is  certainly  a  giM)d  check  on  the  accuracy  of  the  n-  "  s"rcd  burning  rales  However  I 
would  be  very  hesitant  in  altering  these  measured  rales  to  fit  me  pressures  obtained  SiU  .e  it  would  lend  to  iiide  any  y  ■( 
unexplained  phenomena,  if  all  the  variables  were  included  in  the  analysis.  To  treat  any  s  ich  disciejiancies  1  would 
rather  try  to  obtain  more  accurate  measurements  which  can  be  compared  directly  with  Ihi-oretical  predictions. 


T.Vaillant,  FR 

Docs  your  technique  of  flash  x-rays  enable  frequent  and  syslemahc  measurements  of  burning  rate  foi  .■  i  itmc  ehennt  il 
characterisation  of  propellants  '  Does  the  technique  require  a  lot  of  precautions  m.iking  it  more  suitable '  i  f.  'sit 
studies  of  model  validation? 

Author's  Reply 

Our  purpose  was  comparison  of  models  !.iid  we  took  an  x-ray  photograph  at  a  gn  cn  time  and  compared  it  with  a 
sequence  of  others  It  was  a  'one-off  thing.  It  is  not  a  cineinatie  method. 
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SUMMARY 

A  continuing  investigation  is  being  conducted  to  develop  teclinlquer  to  obtain 
quantitative  data  that  2an  be  used  to  relate  solid  rocket  propellant  coraposltion  anu 
operating  environoent  to  the  behavior  of  solid  particulates  within  the  grain  port  and 
exhaust  nuzzle*  The  techniques  employed  are  high  speed  motion  pictures  of  propellant 
st’and  burners  and  slab  burners  in  a  cro89**flow  environment,  SEll  analysis  of 
pcst-flre  residue  (strand,  slab,  and  motor),  determination  of  D32  across  the  exhust 
nozzle  using  measurements  of  scattered  laser  light,  and  holograms  of  burning 
propellant  strands,  slabs  and  moto*‘8.  In  addition,  techniques  arc  being  studied  for 
automatic  retrieval  of  particle  size  distributions  from  holograms  taken  of  the 
combustion  of  solid  propellants* 

Actual  particle  sizes  of  burning  aluminum  particles  were  obtained  in  high  speed 
motion  pictures  by  using  high  intensity  rear  Illumination  ot  the  burning  propellantu 
to  eliminate  the  flame  envelopes  surrounding  the  burning  particles* 

Measurements  of  d  If f rac 1 1 ve  ly  scattered  light  have  been  made  for  determination 
ot  changes  In  O32  across  a  solid  propellant  rocket  motor  exhaust  nozzle. 

Two-dimensional  motors  have  been  employed  to  obtain  holograms  of  propellant 
burned  in  a  cross-flow  environment.  Other  efforts  have  been  directed  at  reduction 
of  speckle  in  the  recorded  holograms  and  optimization  ot  techniques  tor  minimizing 
exoesslvv  smoke  in  the  recorded  scenes. 

A  corputcr  controlled  Quantlmet  720  is  being  used  in  an  effort  to  obtain  particle 
8.ize  distributions  from  reconstructed  holograms* 


INTRODUCTION  AND  OVEKVlhW 

Aluminum  Is  added  to  solid  propellants  to  increase  performance  and  to  suppress 
hlgh-t requency  combustion  Instabilities*  A  small  amount  of  a  variety  of  additives 
In  addition  to  aluminum  (aluminum  oxide,  zirconium,  etc.)  are  also  used  in  reduced- 
sm^'^'e  propellants  for  acoustic  stabilization.  Although  the  delivered  specific 
impulse  ot  metallized  propellants  Is  higher  than  that  of  the  base  propellants,  the 
specific  Impulse  efficiency  Is  lower*  This  results  from  the  presence  of  condensed 
metal  oxides  In  the  nozzle  flow  and  from  unburned  metal  within  tlie  motor  port*  Some 
particles,  upon  reaching  the  burning  surface,  depart  immediately  while  others  agglom¬ 
erate  on  the  surface  before  passing  into  the  gas  flow*  Most  of  Che  metal  cumbustton 
is  thought  to  occur  in  the  gae  phase,  resulting  in  small  (typically  xess  than  two 
microns)  neCailtc  oxide  oartirles*  in  addition,  pn'*ticle  burnout  also  can  result  in 
Che  break-up  of  a  metallic  oxide  cap  or  layer.  This  can  result  in  larger  (greater 
t^'^n  five  uicioiis)  particles.  The  larger  particles  are  more  important  in  the 
deterulnaclon  of  two-phase  ilow  losses  in  the  exhaust  nozzle  tlow  since  they  can  lag 
Che  gas  flow  and,  in  pri'.clplo,  could  be  atfected  through  propellant  changes.  There 
are  several  rather  complex  computer  codes  (Ret.  1)  which  empt  to  model  the  import¬ 
ant  processes  of  uomentuo  and  thermal  energy  exchange  between  the  solid,  liquid,  and 
gaseous  phases  as  well  as  particle  collisions,  break-up,  ana  wall  collisions. 

However,  these  models  remain  semi-empirical  and  are  generally  based  upon  particle 
size  distributions  which  were  obtained  from  collected  nozzle  exhaust  tlows  [Ref. 2). 
Particle  histories  trom  the  surface  ot  the  propellant  to  the  nozzle  exit  remain 
largely  unknown,  due  to  the  difficulty  of  making  airect  measurements  within  the  motor 
and  nozzle.  Prediction  of  performance  losses  due  to  the  presence  of  the  original 
metal  and  the  metal  oxides  are  very  sensitive  to  the  absuc»«*d  particle  size 
distribution,  and  essentially  no  data  are  available  that  give  this  distribution  as  a 
function  of  position  throughout  the  motor  and  nozzle. 

Collecting  exhaust  products  is  feasible  only  tor  small  roeVet  motors.  Even  then, 
the  techniques  employed  result  in  considerable  variation  in  the  measurea  sizes  (Kef. 
2J.  Dobbins  (Ref, 3)  and  Dobbins  and  Strand  (Ke£*4)  attempted  to  use  an  optical  tech¬ 
nique  for  measuring  exhaust  particle  size  and  to  compare  the  measorements  with  tank 
/llected  exhaust  results.  The  optical  technique  used  was  a  three-wave-length  trans¬ 
mission  measuremenc.  This  technique  rf'dulres  knowledge  of  particle  index  of  refract¬ 
ion  and  the  scanda.d  deviation  of  the  ^article  size  distribution.  The  collected 
exhaust  particles  indicated  that  the  e.haust  particle  size  was  not  influenced 
8  Igr if  lean t ly  by  either  the  propellant  weight  fraction  of  metal  or  the  chamber 
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pressure*  The  optical  measurenents  generally  yielded  sizes  which  were  too  small  and 
the  results  were  Inconsistent  with  the  collected  exhaust  data*  It  was  speculated 
that  this  discrepancy  resulted  from  a  bi-inodai  exhaust  particle  distribution* 

Light  transmission  measurements  have  the  advantage  of  being  applicable  to  dense 
concentrations  where  multiple  scattering  occurs  (Ref. 5]*  However,  the  method  works 
best  for  small  particles  (on  the  order  of  the  wavelength  of  the  illumination  source) 
and  requires  a-prlorl  knowledge  or  the  particle  characteristics. 

Light  scattering  measurements  can  also  be  used  to  determine  particle  size  [Kefs* 
6-15]*  If  the  scattering  angles  used  are  specifically  selected,  the  technique  can  be 
used  to  look  almost  entirely  at  one  lobe  of  a  bi-modal  size  distribution*  Ratioing 
intensities  obtained  at  two  forward  scattering  angles  can  be  used  to  further  reduce 
the  complexity  of  the  method*  However,  scattering  techniques  are  generally  thought  to 
be  applicable  only  to  systems  where  the  transmittance  is  greater  than  approximately 
90%  in  order  to  satisfy  single  scattering  requirements* 

A  combination  of  light  transmission  and  light  scattering  measurements  [Kef*l3] 
appears  to  be  well-suited  for  many  solid  propellant  rocket  motor  exhaust  flows. 
However  experimental  efforts  are  first  needed  to  determine  under  what  conditions 
(metal  loadings,  operating  pressure,  propellant  ingredients,  etc.)  light  scattering 
measurements  can  be  effectively  made  In  this  difficult  environment* 

The  goal  of  the  investigation  to  date  has  been  to  develop  and  compare  experiment¬ 
al  techniques  that  can  be  used  for  obtaining  quantitative  data  on  the  effects  of 
propellant  properties,  operating  pressure,  and  nozzle  geometry  on  the  behavior  of 
metallized  particulates  within  the  grain  port  and  nozzle  of  solid  propellant  rocket 
motors.  These  data  are  needed  In  order  to  (1)  Imprr.ve  solid  propellant  performance 
predictive  capabilities,  (2)  provide  needed  Input  to  current  steady-state  combustion 
models  which  Include  oxidizer-metal  Interactions,  (3)  provide  data  on  the  effects  of 
motor  and  propellant  conditions  on  exhaust  signature  and  (4)  provide  In-iaotoi  part¬ 
icle  size  distributions  which  will  allow  more  accurate  predictions  of  darplng  in 
stability  analyses.  the  techniques  employed  have  been  high  speed  motion  pictures  of 
strand  burners  and  slab  burnerr  in  a  crosa-flow  environment,  SEM  analysis  of  post¬ 
fire  residue  (strand,  slab,  and  motor),  determination  of  changes  in  D32  across  the 
exhaust  nozzle  using  measurements  of  scattered  laser  light,  and  holograms  of  burning 
propellant  strands  and  slabs*  In  addition,  considerable  effort  has  been  directed 
toward  development  of  automatic  data  retrieval  methods  for  obtaining  particle  size 
distributions  from  holograms  taken  of  the  combustion  of  solid  propellants*  The 
holographic  effort  is  a  two-part  problem*  Techniques  must  be  developed  for  obtaining 
good  quality  holograms  in  a  realistic  solid  propellant  combustion  environment* 
However,  these  holograms  are  of  limited  value  unless  the  particle  size  data  can  be 
obtained  from  them  in  a  reasonable  time  period*  This  requires  development  of 
^.omputor-alded  Image  analysis  techniques* 

tn  previous  efforts  |Ref*(6|  the  motion  picture  and  holographic  techniques  were 
successfully  demonstrated  using  propellant  strands  with  up  to  15X  aluminum*  Fourteen 
micron  resolution  was  obtained  In  the  high  speed  motion  pictures  with  a  1*(2X 
magnification  (and  very  small  depth  of  field).  In  addition,  inltla.  de te rmiua t  ions  of 
1)32  wei'e  made  using  measurement  of  scattered  laser  light  at  the  eyhaust  of  a  small 
rocket  motor.  Apparatus  modifications  were  then  made  to  expand  aid  Improve  the 
obtainable  data*  Subsequent  results  are  reported  herein* 

The  high  speed  motion  picture  Investigation  of  burning  propellant  strands  was 
continued  using  a  combination  of  aonochronatlc  and  white-light  Illumination,  The 
final  illumination  methods  used  either  Intense  white-light  rear  Illumination  or  two 
slde/fronc  1 1 luii Ina C Ion  sources  during  one  test,  a  2300  watt  white-light  and  a  0*b 
watt  laser  at  48b  nm*  With  the  latter  illumination  method  a  rotating  filter  disc  was 
placed  between  the  combustion  bomb  window  and  the  camera  lens.  This  provided 
alternating  frames  wltn  high  intensity  white-light  illumination  and  filtered  48b  no 
1 1 luuina C ion ,  The  camera  was  mounted  on  a  mill  bed  to  provide  both  stability  and 
precise  focusing*  An  examp’e  of  the  ability  to  eliminate  tne  recording  on  the  film 
of  Che  flame  envelopes  surrounding  burning  aluminum  particles  through  the  use  of 
incense  (2500  watt)  rear  Illumination  is  shown  in  figure  1, 

A  dual-beam  apparatus  for  measuring  scattered  light  was  developed  to  simultan¬ 
eously  measure  particle  size  (O32)  at  the  entrance  and  exit  of  an  exhaust  nozzle  of  a 
small  solid  propellant  rocket  motor.  The  dlaaeteri  were  determined  using  1024 
element  linear  photodiode  arrays  to  measure  dlf f rae t Ively  scattered  laser  light.  He- 
Ne  illumination  was  used  at  the  nozyle  exhaust  but  significant  632*8  nm  radiation 
within  Che  motor  combustion  zone  required  the  use  of  4b8  nm  illumination  in  that 
region*  Early  measurements  were  successful  at  both  locations*  ..owever,  the  presence 
of  char  agglomerates  and  the  use  of  a  short  motor  with  small  residence  times  (less 
chan  5  msec)  cignlficantly  effected  the  "measurid**  U32  and  produced  large  amounts  of 
condensate  on  the  converging  section  of  the  exhaust  nozzle.  Several  improvements  were 
then  made*  The  motor  was  lengthened  to  increase  residence  time  to  approximately  ten 
a.‘8c,  multiple  sweeps  of  the  diode  arrays  were  made  to  Improve  the  statistical 
validity  of  Che  data  and  the  Air  Force  Rocket  Propulslor*  Laboratory  fabricated  GAP 
propellants  to  replace  the  HTPb  propaliants  which  weie  originally  used  in  an  attempt 
to  provide  “cleaner”  exhaust  products,  in  addition,  Che  optics  and  data  acquisition 
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caethods  wire  modified  Co  improve  accuracy*  Transmitted  light  is  now  blocked  with  a 
"stop"  s  that  the  non-def lec ted  laser  beam  can  be  positioned  directly  on  Che  first 
diode  of  Che  array  if  desired.  Interactive  graphics  have  also  greatly  improved  the 
speed  and  accuracy  of  the  data  reduction*  A  cyllndrically  perforated,  aft^end 
uninhibited  grain  is  currently  being  used  in  an  attempt  to  further  eliminate 
inhibitor  char  in  Che  exhaust  gases  while  providing  a  nearly  nuetral  burning  grain. 

Efforts  have  been  directed  at  Improvement  of  the  quality  of  the  holograms  which 
are  obtained  in  the  2-D  motor  in  the  presence  of  cross-flow.  The  propellant  slabs 
are  bonded  between  boroslllcate  glass  side  plates  and  burned  within  a  combustio-n 
bomb.  Currently,  efforts  are  being  directed  at  obtaining  holograms  from  within  a 
small  rocket  motor. 

Various  techniques  have  been  suggested  for  the  automatic  retrieval  of  particulate 
diameter  data  from  reconstructed  holograms;  ranging  from  complete  dlglcitacion  to 
man-in-che-loop  optical  methods.  A  reasonable  near-'Cerm  solution  appears  to  be  a 
'orablnation  of  both  optical  and  digital  methods.  Digital  methods  appear  to  be  needed 
to  reduce  non-uniform  background  illumination  and  speckle,  whereas  analog  techniques 
(such  as  the  Quantimet  720)  appear  to  be  well  suited  for  rapidly  obtaining  particle 
size  data  from  holograms  which  have  improved  uniformity  in  background  illumination. 


DETERMINATION  OF  PARTICULATE  SIZE  USING  MEASUREMENTS  OF  SCATTERED  LIGHT 


Introduction 


The  method  used  in  the  present  effort  is  the  d if t rac t Ively  scattered  light  tech¬ 
nique.  Tne  diffraction  patterns  of  light  scattered  by  particles  are  analyzed  to 
determine  the  volume-to-surf ace  mean  diameter  (O30).  This  method  has  the  disadvant¬ 
ages  that  size  distributions  cannot  be  easily  determined  and  particles  larger  than 
some  threshold  size  will  not  ue  detected  due  to  the  exceedingly  small  angles  at  which 
they  scatter  light.  However,  it  has  the  advantage  that  it  is  non-ln t rus ive  and,  in 
theory,  can  be  used  In  the  Internal  motor  environment*  Propellant  composition  can 
limit  the  application  of  the  technique  by  producing  large  particulates  and/or  very 
dense  particle  clouds. 

The  co.f  eteiy  general  theory  of  scattering  was  developed  by  Hie  and  is  presented 
by  Van  de  Hulst  (Ref. 15).  The  light  scattering  characteristics  for  spherical  part¬ 
icles  of  any  size  are  fully  described  and  the  phenomena  ot  reflection,  refraction, 
diffraction  < nd  extinction  are  considered.  For  particle  sizes  much  smaller  than  the 
wavelength  of  the  illuminating  light  source  the  Hie  equations  simplify  to  what  is 
called  Rayleigh  scattering. 

The  size  of  the  particles  of  interest  In  solid  propellant  rocket  motor  comb¬ 
ustion  depends  upon  the  application.  Most  applications  are  concerned  with  particles 
having  diameters  much  greater  than  the  wavelength  of  visible  light.  Scattering  by 
these  Larger  particles  Is  described  by  Fraunhofer  diffraction.  Measuring  the  part¬ 
icle  size  for  a  monodispersion  can  be  accomplished  by  measuring  the  angular  position 
of  a  dark  or  bright  ring  in  the  diffraction  pattern.  This  method  is  not  used  for 
poiydlspers Ions  since  the  discrete  rings  are  not  observed.  However,  Dobbins,  et  al 
(Ref. 7)  found  that  the  volume-to-surface  mean  diameter  of  a  poiyd Ispers ion  (O32) 
defined  by 
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(where  Np(D)  is  a  distribution  function  describing  the  proportion  of  particles  with 
diameter  U  in  the  sample),  could  be  accurately  measured.  The  value  of  D32  was  shown 
to  be  quite  Insensitive  to  the  form  of  N|>(D).  In  addition,  since  the  ratio  of  for¬ 
ward  scattered  light  at  two  angles  is  dominated  by  Fraunhofer  diffraction,  it  is 
insensitive  to  the  particle  refractive  index  and  the  particle  concentration  (Kef,\3), 
To  evaluate  the  integrated  Intensity  over  all  particle  sizes  requires  specification 
of  N{.(D).  Dobbins,  et  al  (Kef. 7)  used  the  Upper-Limi  t-Ols  tr  ibution-Punc  t  Ion  develop¬ 
ed  by  Mugele  and  Evans  (Ref.9)  and  this  approach  was  followed  in  the  present  invest- 
Iga  t ion . 

For  1D32O/X  (where  9  is  the  scattering  angle  and  X  is  the  wrvelength)  less  than 
3.0,  a  Gaussian  curve  (Ref, 14]  can  be  used  which  closely  matches  the  theoretical 
intensity  profile  obtained  by  integiating  the  Fraunhofer  diffraction  expression 
together  with  the  Upper-Limit-Dlstribution-Functlon  (Ref.7].  This  Gaussian  express¬ 
ion  has  been  presented  by  Buchele  lKef.l4)  and  Is  given  by 


Iq/Iq-O  *  "  iO.37sD320/ X) 


(2) 
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Equation  (2)  can  be  used  to  obtain  tne  intensity  ratio  between  two  (within  the 
apparatus  limits)  forward  scattering  angles: 

2  2  2  2 


I2/I1  -  exp  -  D32((e2  -  0i)/(O.57  ir/ X)  J  (3) 

Experimental  Apparatus  and  Procedures 


Figure  2  is  a  photograph  of  the  complete  apparatus  including  the  exhaust  collection 
tube.  The  light  scattering  equipment  was  mounted  on  two  optical  benches;  one  for 
measurements  in  the  nozzle  exhaust  and  one  for  measurements  within  the  motor  cavity. 
The  light  sources  employed  were  eight  milliwatt  helium  neon  and  argon  lasers  for  the 
exhaust  and  motor  paths  respectively. 

Each  beam  passed  through  the  appropriate  test  volume  and  was  then  Interecpted  by 
a  physical  stop  located  in  front  of  the  receiving  optics.  The  further  the  stop 
was  placed  from  the  test  section,  the  smaller  was  the  angle  at  which  scatatered  light 
could  be  measured.  The  upper  limit  of  scattering  angle  is  determined  by  the  diameter 

and  focal  length  of  the  focusing  lens,  the  distance  between  the  focusing  lens  and  the 

particles,  the  diameter  of  the  motor  window,  or  the  heigh t/ pos i tion  of  the  diode 
array.  In  the  present  apparatus  scattered  light  could  be  measured  within  an  angle 
increment  of  approximately  0.05  radians.  The  minimum  possible  scattering  angle  was 
approximately  0.008  radians  and  the  maximum  approximately  0.07.  These  angles  can 
be  changed  by  changing  one  of  the  above  limits.  The  presently  employed  angle  limits 
Introduce  seme  bias  in  the  collected  data  as  Illustrated  in  tigure  3. 

The  scattered  light  passed  through  a  laser  line  filter  and  a  50cm  focal  length 

lens  which  focussed  the  light  onto  the  linear  diode  array.  The  arrays  each  contained 

1024  silicon  photodiodes  on  a  single  chip  with  25  micron  spacing.  The  accompanying 
circuits  provided  a  "sampled  and  held"  output  which  was  essentially  analog  except  for 
switching  transients.  The  actual  sampling  time  of  the  array  was  about  34  msec  with  a 
a  delay  between  scans  of  about  6  msec.  Currently  the  system  is  being  improved  to 
permit  sampling  in  approximately  4  msec. 

Raw  data  was  plotted  on  the  CRT  where  any  obviously  erroneous  scans  could  be 
excluded  from  further  data  reduction.  The  valid  scans  were  averaged  to  obtain  a  mean 
scattering  profile.  The  mean  intensity  profile  taken  before  particles  were 
introduced  was  then  subtracted  from  that  taken  with  particles  present*  This 
corrected  for  the  characteristics  of  individual  photodiodes  and  extraneous  light 
which  was  independent  of  the  particles. 

A  symmetric  moving-average-type  of  digital  filter  was  then  applied  to  the  profile 
to  achieve  smoothing,  This  type  of  digital  filter  was  chosen  for  simplicity  and 
because  it  does  not  have  the  phase  lag  of  analog  filters.  Smoothing  of  the  data  has 
been  found  to  be  necessary  if  good  results  are  to  be  obtained  using  the  two-angle 
methods  when  only  a  feu  scans  ol  the  array  are  possible  (as  in  txme-dependent 
combus  tion) « 

Several  data  reduction  techniques  have  been  investigated  for  obtaining  U32  from 
the  measured  intensity  profiles.  The  initial  method  required  the  comparison  of  the 
experimentally  obtained  intensit/  profile  with  that  produced  using  equation  2.  This 
required  th'  profile  to  be  normalized  using  the  "unknewn" ( s Ince  the  transmitted  light 
dominates  ac  «.mall  angles)  forward  scattered  intensity  at  0*0.  This  quantity  and 
O32  (he  theoretical  profile  were  adjusted  urf.*'  interactive  graphics  until  the 

theoretical  and  experimental  pr  ^lles  pr >vided  tne  bjst  natch.  This  technique 
provided  reasonably  good  rev.'lts  but  required  conf>  iderable  user  Interpretation  of  the 
"best  fit". 

The  method  currently  being  used  minimizes  both  data  reduction  time  and  "user 
Interpretation".  A  minimum  value  of  0  is  chosen  from  the  filtered  profile  (where 
beam  stop  effects  or  diode  position  begin  to  influence  the  data).  This  yields  and 

dj  for  use  in  equation  (3)  «  [>32  is  Chen  varied,  each  value  resulting  in  a  curve  for 
I2  vs.  02#  The  "best  fit"  to  the  experimental  profile  is  then  found,  without  the 
need  to  estimate  the  0*0  scattering  intensity. 

The  two-angle  method  It:  also  used.  The  data  is  scanned  using  many  values  o*  Oj 
together  with  several  angle  ra*;io8  to  determine  O2 .  O32  then  found  troo  equation 
(3)  and  displayed  as  O32  vs,  oj  for  each  value  of  Q2^ 

Calibration  of  the  apparatus  was  accomplished  by  measuring  D32  of  various 
particles  of  known  size  cis t r ibu t ion  *  Polydispersions  of  glass  or  polystyrene 
spheres  and  aluminum  oxide  powder  were  suspended  in  water  wi'-hln  a  Plexiglas  or  glass 
container.  A  scanning  electron  microscope  (SEM)  was  also  used  to  photograph  each 
particle  sample. 

Some  of  the  calibration  results  (using  the  original  method  discussed  above)  are 
summarized  In  Table  1.  Figures  4  and  5  present  typical  calibration  results. 
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TABLE  I  CALIBRATION  RESULTS  FOR  LIGHT  SCATTERING  APPARATUS 


PARTICLE 

MATERIAL 

SAMPLE  PARTICLE 
SIZE  RANGE 
(microns) 

CALCULATED 

^  ^32 
(microns) 

MEASURED 

D32 

(microns ) 

Polystyrene 

3-6 

4.7** 

4.5 

Polys  ty rene 

6-16 

10.2** 

10.0 

Polys  ty rene 

15-30 

21 .6** 

21 

Glass 

37-44 

38* 

40 

Glass 

53-63 

54* 

54-58 

Glass 

1-37 

25* 

23-30 

*  From  SEM  photographs 

From  Manufacturers  Data 

The  results  of  the  calibration  tests  showed  that  the  apparatus  Is  capable  of 
accurately  aeacurlng  mean  particle  size  for  a  broad  range  of  mean  diameters  providing 
that  size  range  is  not  too  wide  (per  figure  3)» 

If  the  larger  sizes  in  a  bi-modal  distribution  of  actual  motor  products  includes 
a  wide  range  of  particle  slzes^  then  care  must  be  taken  in  the  selection  of  the 
forward  scattering  angles  so  as  to  not  bias  the  measurements  to  the  larger  or  smaller 
particle  sizes.  Another  concern  about  the  measurement  technique  is  the  effect  of  the 
Index  of  refraction  of  the  exhaust  gases  in  which  the  particles  are  present.  To 
examine  this,  the  6-16  micron  polystyrene  sphere  data  was  used  to  find  D32  with 
varying  assumed  values  for  the  index  of  refraction.  The  result  was  that  a  10% 
Increase  In  the  Index  of  refraction  increases  the  “measured*'  D32  by  approximately 
10%.  This  could  present  difficulties  if  the  present  technique  were  attempted  to  be 
applied  to  a  wide  range  of  propellancs/operating  conditions  where  the  unknown  exhaust 
Index  of  refraction  could  vary  significantly  from  tes t* to- tes t .  In  the  present 
effort  similar  propellant  compositions  are  used  with  varying  solids  size  and  loading 
and  with  varying  nozzle  geometries.  Variations  in  the  Index  of  refraction  should  be 
small  In  this  case. 

A  further  concern,  especially  for  the  “in-motor"  measurement,  was  the  maximum 
attenuation  of  the  transmitted  beam  which  would  allow  the  scattering  measurements  to 
be  properly  made.  Measurements  have  generally  been  assumed  to  require  less  than  10% 
attenuation  in  order  to  insure  single  scattering  .  Calibrations  using  the  6-16 
micron  polystyrene  beads  were  conducted  with  transml t tances  varying  from  B5%  down  to 
30%.  The  two-angle  method  results  are  shown  in  Table  11. 


TABLE  II  TRANSMITTANCE  EFFECTS  ON  SCATTERING  MEASUREMENTS 
TRANSMITTANCE,  X  D32,  MICRONS 


85 

10 

70 

10 

60 

9,5 

50 

9.5 

30 

9 

These  results  Indicate  that  a  significant  attenuation  of  the  transmitted  beam  did 
not  prohibit  use  of  the  single-ecattering  theory  for  obtaining  032*  However,  very 
low  “ln-motor“  transmittance  values  are  often  encountered  in  highly  metallized 
systems.  Fortunately,  minimum  smoke  propellants  often  have  less  than  2%  metal  and, 
therefore,  nay  often  be  studied  using  this  diagnostic  technique. 
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Results  and  Discussion 

In  this  initial  investigation,  two  solid  propellant  compositions  were  used.  One 
propellant  was  non'^metallized  and  used  a  GAP  binder  with  AP.  The  other  was  an 
HTP6/AP  propellant  with  2%,  40  micron  aluminum  and  0.25%  Pe203. 

The  non-'metalllzed  propellant  was  used  to  determine  the  effects  of  apparatus 
design,  exhaust  gas  opacity  and  thermal  and  velocity  gradients  on  the  laser  beam 
transmittance  and  scattering  characteristics.  Significant  attenuation  (greater 
than  20Z)  and  broadening  at  small  angles  occurred  in  the  nozzle  exhaust  beam.  The 
measurement  location  was  located  very  close  co  the  exhaust  plane  of  the  converging 
nozzle.  This  indicated  that  future  tests  should  be  conducted  with  the  measurement 
location  further  aft;  where  Jet  spreading  will  both  reduce  opacity  and  minimize 
velocity  and  thermal  gradient  effe^'ts.  The  “in-motor'*  measurement  revealed  the 
necessity  for  very  careful  alignment  of  the  windows.  If  the  windows  are  not  very 
nearly  perpendif tular  to  the  laser  beam,  changes  in  the  index  or  refraction  of  the 
gas  when  the  motor  is  fired  can  cause  the  transmitted  beam  to  deflect  either  off  of 
the  array  or  below  the  beam  stop. 

When  the  metallized  propellant  was  fired,  the  two-angle  method  yielded  a  D32  in 
the  exhaust  products  of  approximately  8  microns  (Fig.  6)  for  the  larger  scattering 
angles  (greater  than  0.020  radians).  PEM  photographs  of  a  small  portion  of  the 
collected  exhaust  products  (Fig.  7)  showed  particles  as  large  as  20  microns,  a  few 
between  5  and  10  microns  and  many  (as  expected)  in  the  one  micron  range.  At  the 
nozzle  entrance  the  measured  D32  using  the  two-angle  method  was  between  8  and  10 
microns  (Fig.  8).  Residue  collected  from  the  combustor  wall  near  the  viewing 
location  is  shown  in  figure  9.  Particles  in  the  9  to  10  micron  range  were  evident 
with  many  having  diameters  less  than  3  microns. 

These  limited  Initial  results  indicate  that  the  diagnostic  method  can  be  used  to 
determine  the  change  in  O32  across  the  exhaust  nozzle  if  care  is  used  in  window 
alignment  and  exhaust  measurement  location.  In  addition,  the  angle  limits  of  the 
apparatus  must  not  unduly  bias  the  data  toward  the  larger  or  smaller  particles. 

Little  change  In  D32  was  observed  to  occur  across  the  exhaust  nozzle  in  this  initial 
tea  t « 

HOLOGRAPHIC  INVESTIGATION 

One  of  the  diagnostic  techniques  available  for  studying  particulate  behavior  in 
solid  propellant  rocket  motors  is  holography.  For  the  exposed  scene  a  hologram 
provides  both  amplltdue  and  phase  information.  The  latter  characteristic  enables  a 
3-0  image  to  be  reconstructed  so  that  particles  within  in  the  entire  depth  of  field 
of  the  scene  may  be  recorded.  Flame  envelopes  surrounding  the  burning  particles  are 
readily  eliminated  from  the  recorded  scene  through  the  use  ot  narrow  pass  laser  line 
filters.  Single  pulsed  holography  provides  a  means  for  effectively  stopping  the 
motion.  However,  it  only  provides  information  during  a  single  instant  of  the 
combustion  process. 

Smoke  generation  (i.e«,  small  AI2O3  and  binder  products,  etc.)  during  the 
combustion  process  presents  a  major  obstacle  to  obtaining  good  holograms,  and 
consists  of  two  distinct,  but  related,  problems.  The  first  is  that  a  laser  can  only 
penetrate  a  finite  amount  of  smoke,  and  the  second  Involves  the  required  reference 
beam  to  scene  beam  illumination  ratio.  To  obtain  a  high-resolution  hologram,  the 
lllumlnacion  ratio  reaching  the  holographic  plate  should  be  between  3:1  and  10.1. 
Test-co-test  variation  in  the  amount  of  smoke  in  the  beam  path  can  ..Ignif  icantly 
affect  this  ratio.  To  achieve  an  optimum  combination  of  low  levels  of  combustion 
chamber  smoke  and  well-developed  propellant  burning  requires  experimental 
determination  of  the  most  suitable  propellant  composition  and  dimensions  and  the 
optimum  time  for  taking  of  the  hologram  during  the  burn. 

Initial  efforts  utilized  strand  burners  within  a  nitrogen-purged  combustion  bomb, 
Subsequert  to  these  initial  strand  burner  tests  it  was  desired  to  obtain  holograms 
In  flow  environments  which  more  nearly  approached  that  in  an  actual  motor.  Small 
two-dimensional,  windowed  motors  were  used  next*  Currently,  efforts  are  being 
directed  at  obtaining  holograms  within  a  small  rocket  motor.  Additionaly,  holograms 
have  been  recorded  of  resolution  charts  for  calibration  purposes.  Investigations 
into  changing  the  recording  and  reconstruction  geometries  have  also  been  conducted. 

The  laser  holographic  system  uses  a  pulsed  ruby  laser  (Kef,  18)  together  with  a 
holocamera  (Ref.  19).  The  operating  wavelength  is  694.3  no  with  a  beam  diameter  of 
approximately  3.2  cm.  A  one  Joule  pulse  with  a  50  nsec  pulsewidth  was  used  tor  this 
inves  tigation* 

The  2-U  motor  employed  two  opposed  propellant  slabs  with  ends  and  sides  inhibited 
with  a  very  thin  coating  of  GE  Hl-temp  gasket  (red  KTV)  material.  The  1  cm  x  4  cm 
slabs  were  placed  between  two  borosllicate  glass  slides  and  the  inhibitor  was  then 
allowed  to  cure.  Propellant  thickness  was  varied  from  1  to  i  mm. 
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All  holograms  were  recorded  with  diffuse  illumination  from  the  laser  in  order  to 
minimize  the  presence  of  schlieren  interference  fringes  produced  by  temperature  and 
density  variations  of  the  combustion  gas  products  during  t'le  burn*  This  diffuse 
illumination  introduces  speckle  into  the  reconstructed  images  as  discussed  later* 

The  primary  problem  in  sizing  the  particles  in  the  reconstructed  image  is 
interference  from  this  speckle  which  can  have  a  maximum  size  chat  is  comparable  to 
the  particles  at  the  lower  end  of  the  expected  particle  size  distribution* 

The  resolution  limits  of  the  holographic  system  were  determined  by  placing  a  1951 
USAF  resolution  target  in  the  2-D  motor  at  the  propellant  location.  Fourteen  micron 
resolution  was  readily  attained  through  the  microscope.  With  very  careful  alignment 
and  cleaning  of  all  optical  components*  together  with  the  use  of  a  rotating  mylar 
disc  (discussed  below)*  9  micron  resolution  has  been  achieved* 

Holographic  recordings  have  been  made  successfully  using  propellant  strands 
burned  at  pressures  of  3A  and  68  atm  and  with  various  concentrations  of  aluminum  up 
to  15%.  Figure  10  is  a  photograph  taken  at  one  plane  within  a  reconstructed 
hologram.  The  propellant  and  strand  dimensions  are  the  same  as  shown  in  figure  1 
for  Che  high  speed  motion  pictures*  It  is  apparent  that  Che  flame  envelopes  and 
schlieren  effects  are  readily  eliminated  from  the  recorded  picture* 

A  representative  photograph  of  a  reconstructed  hologram  obtained  using  the  2-D 
motor  is  shown  in  figure  11*  Good  quality  holograms  wer2  obtained  with  all 
propellants  containing  less  Chan  5X  metal  additive  to  pressures  of  approximately 
59  atm  (the  maximum  attempted).  A  good  quality  hologram  was  also  obtained  with  lOZ 
aluminum  at  approximately  33  atm.  No  holograms  could  be  obtained  with  lOZ  aluminum 
at  pressures  of  53  atm  or  with  15Z  ‘iluminum.  The  2-0  motor  construction  method  has 
proven  to  provide  good  results  within  the  above  limits.  Impingement  of  the 
particulates  on  the  glass  walls  and  a  high  inhibltor-to-propellent  mass  ratio  have 
provided  the  upper  limits  in  metal  content  and  propellant  thickness  in  the  tests* 
Holograms  may  actually  be  more  easily  obtained  in  a  3-D  motor*  In  that  case, 
although  the  scene  depth  is  greater*  both  of  the  above  limitations  can  be 
significantly  reduced. 

During  reconstruction*  the  geometry  shown  in  figure  12  is  usbd*  The  real  image 
of  the  hologram  was  focused  onto  a  spinning  mylar  disk*  introduced  to  reduce  speckle 
effects  in  the  observed  image*  The  spinning  disk  changes  the  speckle  pattern  at  a 
rate  faster  than  the  response  time  of  the  imaging  system*  causing  a  reduction  in  the 
contrast  of  the  speckle  pattern*  A  variable  power  microscope  was  used  to  view  the 
reconstructed  image  either  by  eye  or  with  the  image  scanner  of  the  image  processing 
a  ys  tern « 

With  the  successful  recording  and  reconstruction  of  the  holograms*  an  effort  has 
begun  to  automatically  locate  particles  against  the  background*  and  to  size  the 
particles  using  a  computer-controlled  image  processing  system.  The  Quantlmet  720 
image  processor  used  in  this  investigation  is  a  general  purpose*  television-type 
image  analyzer  that  is  capable  of  elementary  shape  recognition  and  various  physical 
measurements  of  objects  by  distinguishing  differences  in  grey  levels  in  the  image  and 
performing  various  logical  tests  on  measured  dimensions* 

Several  problems  have  been  identified  in  this  application  of  data  reduction,  and 
potential  solutions  are  being  investigated*  The  problems  can  be  divided  into  two 
parts:  those  that  exist  without  image  speckle  being  present  and  those  that  exist  with 
speckle  being  present. 

The  first  problem  is  to  compute  the  number  of  locations  that  must  be  investigated 
in  the  hologram.  For  example,  for  a  nominal  depth  of  interest  in  the  hologram  of  2 
mm*  calculations  show  that  for  larger  (200  microns)  particles  only  one  plane  is 
resfuired  by  the  mlmcros  cope '  s  depth  of  focus  of  6.18  cm*  while  for  1  micron  particles 
the  depth  of  focus  of  1.5A  microns  will  require  1300  planes  to  be  imaged. 

The  Quantiment  also  has  limitations  which  can  lead  to  Inaccurate  results.  One 
technique  of  separating  particles  from  background  is  to  accept  for  measurement  only 
those  pixels  chat  are  darker  than  a  specified  threshold.  Once  the  particle  has 
been  isolated,  the  particle  size  is  measured*  The  Q720  locates  an  edge  of  a  particle 
by  noting  regions  where  there  is  a  sharp  change  in  grey  level.  The  edge  location  is 
determined  by  finding  the  pixels  with  the  greatest  and  least  grey  levels  and  locating 
the  edge  minw&y  between  these  two  locations.  This  technique  is  consistent  only  for 
particles  with  the  same  extremes  in  grey  levels.  For  frames  that  include  particles 
of  differing  grey  levels,  the  edge  location  is  variable.  Uneven  illumination  is  the 
primary  cause  of  differences  in  particle  grey  level.  The  illumination  problems  can 
occur  in  the  hologram  recording  (i.e.*  laser  nonuniform  beam  pattern*  smoke),  in  the 
development  of  the  hologram  leading  to  a  plate  with  variable  transmissivity 
(bleaching  the  plate  can  help  this  problem),  and  in  the  reconstruction  proceses 
(i.e.*  uneven  laser  illumination*  nonuniform  spatial  response  of  the  image  tube). 
Additionally,  electronic  noise  in  the  various  modules  and  quantization  noise  can 
corrupt  the  image  signal  leading  to  measurement  errors. 

Having  speckle  present*  as  in  our  hologram  reconstructions  (due  to  the  diffuse 
illumination  required  to  eliminate  the  schlieren  fringes  in  the  reconstruction 
as  previously  described)*  we  wish  to  reduce  the  maximum  size  of  the  expected  speckle 
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to  the  smallest  value  possible.  The  speckle  can  have  two  effects  on  the  Image.  It 
produces  black  spots  In  the  backgound  which  cannot  be  readily  distinguished  from  real 
particles.  The  second  effect  is  that  the  speckle  can  give  the  perimeter  of  the 
particle  a  "swlss  cheese"  appearance  where  the  speckle  overlaps  the  edge.  This 
alters  any  calculated  measurements  of  the  particle,  such  as  area  or  perimeter.  The 
Quantlmet  usually  Ignores  any  holes  within  the  measured  area,  but  significant  error 
is  introduced  when  the  perimeter  is  altered. 

Generally,  to  reduce  the  speckle  size,  large  aperture  optics  are  desirable.  Once 
the  speckle  is  smaller  than  the  typical  particle  size  the  logic  test  based  on  the 
feature  size  can  be  Implemented  in  the  Quantlmet  to  extract  particle  information 
from  the  background. 

If  the  speckle  size  cannot  be  made  negligible  compared  to  the  particle  size, 
ocher  techniques  must  be  used  to  reduce  the  contrast  level  of  the  speckle  re.'ative  to 
the  particle.  These  techniques  are  based  on  the  fact  that  the  speckle  pattern  will 
shift  if  one  or  more  of  many  variables  are  changed  while  the  object  position  remanins 
fixed.  By  averaging  N  Images  with  differing  speckle  patterns,  a  reduction  in  Che 
speckle  contrast  on  the  order  of  (N)“l/2  expected. 

Variables  that  can  be  changed  to  cause  a  shift  in  the  speckle  pattern  are  (a) 
changing  the  random  phase  of  the  diffuse  Illuminating  wave,  (b)  changing  Che  image 
aperture,  (c)  changing  Che  object  position  (or,  equivalently,  changing  the  image 
screen  position  or  changing  the  imaging  lena  position)  and  (d)  computer  superposition 
of  Images  with  different  diffuse  lllumlnaf ion.  Each  of  these  techniques  introduces 
complexity  into  the  processing  of  the  image.  The  first  is  the  easiest  to  implement 
with  a  spinning  diffuser  in  the  image  reconstruction.  While  the  image  is 
dramatically  improved  when  the  disk  is  spinning  compared  to  the  image  on  a  motionless 
disk,  the  image  quality  is  not  dramatically  improved  with  increased  rotation  rate. 

The  techniques  other  chan  computer  processing  appear  to  present  insurmountable 
problems,  leaving  computer  processing  of  Che  images  the  most  likely  solution.  Work 
has  begun  on  implementing  Che  computer'^controlled  configuration  in  an  effort  to 
explore  this  technique. 

An  example  of  an  initial  effort  to  use  Che  Quantlmet  720  in  the  manual  mode  is 
shown  in  figure  13.  This  hiotogLam  was  taken  from  a  photograph  of  a  reconstructed 
hologram  shown  in  figure  14.  Kecentiy,  Che  Q720  has  been  operated  in  the  computer 
controlled  mode.  A  particle  calibration  reticle  (Laser  £lectro'*optic8  LTD,  No.  RR* 
50*30-0. 08*'102-CK*’<^154M)wa8  viewed  directly  by  the  Q720  television  camera  through  a 
microscope  and  Che  particle  diameter  dlstt&bution  was  determined.  Figure  15  presents 
a  comparison  between  the  measured  particle  size  Hl«tributlort  and  chat  specified 
by  Che  aanufaccurtr  of  the  reticle. 

SUMMARY  AND  CONCLUSIONS 

High  intensity  white-light  and  monochromatic  light  have  been  used  to  eliminate 
the  flame  envelopes  that  surround  burning  aluminum  particles  from  the  recorded  images 
in  high  speed  motion  pictures. 

Light  scattering  measurements  have  been  used  to  measure  the  change  in  D32  across 
the  exhaust  nozzle  of  a  small  solid  propellant  rocket  motor.  The  diagnostic 
technique  is  sensitive  to  alignment  and  must  be  used  with  caution  in  order  to  ensure 
that  particle  size  biasing  is  not  severe. 

The  holographic  techniques  have  been  successfully  used  to  record  particles  from 
strand  burner  and  2-0  motor  combustion  of  solid  propellants.  The  image  particle 
coun'-  and  sizing  from  a  hologram  has  successfully  been  done  in  the  manual  mode  but 
automatic  techniques  that  have  been  recently  initiated  are  preferred.  The  diffuse 
illumination  required  in  the  recording  process  to  avoid  phase  fringes  due  to  thermal 
efrects  has  led  to  the  presence  of  speckle  in  the  images.  Efforts  have  been  made  to 
analyze  the  size  of  the  speckle  and  to  reduce  the  maximum  speckle  diameter.  The 
remaining  speckle  is  reduced  by  using  a  spinning  diffuser  in  the  reconstruction 
process.  The  computer-processed  images  appear  to  have  the  most  llklihood  of  further 
reduction  of  the  speckle  contrast.  This  method  is  currently  under  investigation. 
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Figure  6.  Measured  Mean  Particle  Oiar>€tcr  In  ^xhaust  Flow  Using 
the  Two-Angle  Method,  HTPB/AP  Propellant  With  2Z,  40 
Micron  Aluminum  and  0.25%  ^  Nominal 

Pressure  of  10  atm. 


Flgine  7.  SEM  Photograph  of  Residue  From  Exhaust  Products,-  HTPB/AP 
Propellant  With  2%,  AO  Micron  Aluminum  and  0.25% 

Burned  at  a  Nominal  Pressure  of  10  atm. 
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Figure  8.  Measure'-  Mean  Particle  Diameter  at  Nozzle  Entrance  Using 
ti\e  Tvo-Angle  Method,  HTPB/AP  Propellant  With  21,^  40 
Micron  Aluminum  and  0.25Z  ^©2^3  Burned  at  a  Nominal 
Pressure  of  10  atm. 


figure  9.  SEM  Photograph  of  Residue  From  Motor  Cavity  Wall,  HTPB/AP 
Propellant  With  2%,'  40  Microa  Aluminum  ami  0.25SI  *^^2^3 
Burned  at  a  Nominal  Pressure  or  10  atm. 


Figure  10.  Photograph  of  Reconstructed  Hologram  of  Strand 
Burner  at  34  atm  Pressure  ^  832  AP,  122  HTPB, 
52  Al,'  45-62  Microns), 


Figure  11.  Photograph  of  Reconstructed  Hologram  of  2-D 
Motor  Combustion  at  28  atm  Pressure  (832  AP. 
in  HTPB,  52  Al,  45-62  Microns). 
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Figure  12,  Schematic  of  Hologram  Reconstruction  and 
Viewing  Method  (Ref,  20) 
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Figure  13.  Particle  Size  Hlstogran  Obtained  From  Photograph 
of  Figure  14  Using  Quantlmet  720  in  Manual  M^/Je. 


Figure  14.  Photograph  of  Reconstructed  Hologram  From 

Propellant  Strand  Combustion  Uit  Stability 
Additive. 
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La  ffl6thode  de  pyrolyae  lln^alre  sous  vide  par  conduction  ou  rayonne*- 
aent,  avec  analyse  par  apectro&^trle  de  masse,  permet  de  determiner  la  composl* 
tlon  dea  gar  laaua  de  la  degradation  des  propergola  solldea  en  phase  condensle, 
en  ffllnlmlaant  lea  reactions  aecondalres  et  dans  des  conditions  proches  du  fonc- 
tlonnement  reel* 

Cette  methode  a  ete  miae  au  point  aur  dea  propergols  double  base  de  re¬ 
ference  et  en  presence  d'addltlf*  On  obtlenc  d'lmportantes  quantites  de  formalde-*' 
hyde,  glyoxal  et  dloxyde  d'azote*  La  presence  nlnorltalre  de  monoxydea  d'azote  et 
de  carbone,  de  dloxyde  de  carbone  et  d*eau  tenolgne  de  la  qualite  nalsaante  des 
gaz*  Le  peu  de  difference  entre  lea  compoaltlons  quantltativea  montre  que  I’addl- 
tif  n'aglt  paa  en  phase  condenaee. 

Cette  methode  a  ete  appllquee  A  I'octogAne.  L*analyse  fait  apparattre 
de  fortes  proportions  de  divers  oxydes  d'azote  (KO2-NO-N2O),  de  formaldehyde 
et  d'aclde  cyanhydrlque  et  de  faibles  quantites  d*eau,  d'azote  et  d'oxydes  de 
carbo''e« 


GAS  ANALYSIS  FOR  THE  INVESTIGATION  OF  THE  COMBUSTION 
OF  OOUBLE-BASE  PROPELUNTS  AND  HHX 

Summary 

The  linear  pyrolysis  method  under  vacuum  by  conduction  and  radiation, 
with  analysis  by  mass  spectrometry  is  used  to  obtain  the  composition  of  the  gases 
produced  by  the  solid  propellant  condensed  phase  degradation,  while  minimizing 
the  secondary  reactions  and  under  conditlous  close  to  actual  burning* 

This  method  has  been  elaborated  with  reference  double-base  propellants, 
then  in  presence  of  additives.  Important  quantities  of  formaldehyde,  glyoxal  and 
carbon  dioxide  are  obtained*  The  presence  in  low  amounts  of  nitrogen  and  carbon 
monoxides,  carbon  dioxide  and  water  indicates  that  the  gases  result  mostly  from 
the  degradation*  The  small  difference  between  the  quantitative  compositions  shows 
that  the  additive  does  not  act  on  the  condensed  phase  degradation* 

This  method  has  been  applied  to  HMX.  Yhe  analysis  shows  large  amounts 
of  several  nitrogen  oxides  (KO2*  NO,  N2O),  formaldehyde  and  cyanhydric  acid 
and  small  quantities  of  water,  nitrogen  and  carbon  oxides* 
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1  -  INTRODUCTION 


Dans  le  but  d'amSliorer  las  performanceSi  les  mlcanlsmes  de  combustion  des  propergols  solldes 
ont  dgjd  fait  I'objet  de  nombreuses  Studes*  Bn  partlculler,  on  a  souvent  cherchS  ^  priciser  la  nature  et 
la  concentration  des  gaz  Issue  de  la  pyiolyse  (degradation  en  phase  condensle)  sous  I'effet  des  flammes 
et  au  cours  de  la  combustion.  Toutefols,  la  plupart  des  analyses  r&alls&es  d  la  sortie  de  la  zone  super- 
flcielle  de  degradation  et  dans  la  zone  d* induction  ont  ete  menses  dans  des  conditions  : 

-  n'assurant  pas  vraiment  I'absence  de  reactions  secondalres  (experiences  en  vase  clos,  temps  de  sejour 
eieves,  sous  vide  partiel.*.)  ; 

-  ne  cherchant  pas  I  reprodulre  les  conditions  reelles  de  fonctionnement  (echantlllons  de  petite  tallle, 
vltesses  de  degradation  mal  connues. 

La  methode  de  pyrolyse  llnealre  sous  vide,  par  conduction  ou  par  rayonnement  et  avec  analyse 
par  spectrometrle  de  masse,  mise  en  oeuvre  d  I'OKERA  permet  de  determiner  la  composition  des  gaz  issus  de 
la  degradation  en  phase  condensee,  en  ffllnimisant  conslderablement  les  reactions  secondalres  et  dans  des 
conditions  proches  du  fonctionnement  reel* 

Le  preievement  des  gaz  dans  la  zone  d*lnduction  au  cours  d'une  combustion  reelle  sous  faible 
pression  fait  apparaltre  les  evolutions  de  composition  dues  aux  reactions  chimiques  dans  la  flamme  prl- 
maire. 


La  methode  de  pyrolyse  llnealre  sous  vide  avec  analyse  par  spectromltrle  de  masse  est  egalement 
appllquee  1  d'autres  produits,  entres  plus  recemsent  dans  la  fabrication  des  propergols  solldes,  en  par- 
ticuller  I'octogenc.  La  blbliographle  fait  apparaltre  de  grandes  dl/ergences  dans  les  analyses  reali- 
sees  de  aes  gaz  de  degradation. 

2  -  COMBUSTION  DES  PROPERGOLS  HOHOGENES  DOUBLE  BASE 


L'analyse  des  gaz  aux  dlfferentes  etapes  de  la  combustion  des  propergols  solldes  homogenes  de 
reference  a  dej^  fait  I'objet  de  publications  precedentes  (I,  2).  Cet  expos!  presente  les  analyses  de  gaz 
realisees  lors  de  la  degradation  en  phase  condensee  de  propergol  homogene,  en  presence  d'additif  et  au 
cours  de  la  combustion  par  preievement  dans  la  zone  d* induction. 

2.1  -  Gaz  resultant  de  la  degradation  en  phase  condensee 

2.1.1  -  PliSSifiS 

Le  mecanisme  de  regression  des  propergols  homogenes,  le  plus  communement  admis,  propose  la  rup* 
ture  de  la  liaison  C07^N02  comme  etape  Inltiale  de  la  degradation.  Elle  conduit  ^  la  formation  de  NO2 
ot  d'especes  combustibles  telles  que  des  aldehydes  aupposees  reaglr  tres  rapldement  au  niveau  de  la 
flanne  prlmalre,  cette  dernUre  entretcnant  le  mecanisme  de  pyrolvse  par  conduction  thermlque* 

On  deslgne  par  ”gaz  nalssants*',  les  gaz  issue  de  la  degradation  thermlque  (pyrolyse)  en  phase 
condensee  avant  reaction  dans  la  flamme  prlmalre*  De  nombreuses  precautions  sont  nlcessalres  pour  assurer 
ce  caractere.  dies  condltlonnent  tr^s  Imperatlvement  lee  techniques  mises  en  oeuvre. 

Les  espdces  chimiques  edses  etant  effectlvement  tr^B  reactlves,  11  est  indispensable  d'operer 
cette  pyrolyse  sous  trds  basse  pression.  Or,  la  diminution  de  pression,  en  flgeant  les  reactions  entre 
gaz  nalssants,  eilmlne  la  flamme  prlmalre.  Absente,  celle-cl  nVntretlent  plus  la  pyrolyse.  II  faut  four-^ 
nlr  un  flux  de  chaleur  auxlllalre  pour  la  slmuler.  Dane  le  propergol  en  cours  de  combustion,  en  ciga* 
rette,  I'eievatlon  de  temperature  (de  20  A  300-400*0)  condulsant  I  la  pyrolyse  s'effectue  en  un  temps 
trds  court  :  de  I'ordre  de  20  ms,  dont  seulement  1  d  2  ms  dans  la  zone  reactlonnelle  d  : 

300’C  ^400”C  (12|  et  tableau  1). 

La  simulation  de  la  combustion  Implique  done  de  mettre  en  oeuvre  une  technique  de  chauffage  ra- 
plde  (dans  le  cas  contralre,  le  risque  d'observer  des  phenomenes  ne  se  produisant  pas  rSellement  en 
combustion  n'est  pas  negllgeable) .  Sous  vioe,  cette  simulation  peut  Itre  reallsee  de  deux  manldres  :  par 
conduction  cu  par  rayonnement. 

2.1.2  - 

Les  experiences  sont  oen!e8  sur  des  echantlllons  de  propergol  chaud  PC  1100  cal.g"^  dans 
une  enceinte  en  verre  demontable  placee  sur  un  bSti  de  vide  prlmalre  assurant  une  pression  mlnimale  de 
10"^  mb^irs  et  un  dibit  de  IS  m^h.  Cela  est  sufflsant  pour  malntenlr  une  pression  inflrieure  H  1  mbar  en 
cours  de  regression.  Cette  enceinte  d'un  volume  de  20  1  est  pourvue  de  deux  capteurs  de  pression  h  Jauge 
de  contralnte,  insenslbles  ^  la  nature  des  gaz  (gammes  de  mesures  :  10'^  d  100  mbars  et  1  ^ 
2000  mbars). 

Pour  slmuler  I'apport  thermlque,  deux  otontages  totalement  rlallses  ^  I'ONERA  ont  It!  utilises  : 

Le  montage  de  pyrolyse  par  conduction  est  prlsente  sur  la  flgu.e  1.  Le  flux  de  chaleur  est 
fournl  ^  I'lchantlllon  par  un  ruban  chauffl  par  effet  Joule,  perforl  pour  faclliter  I'lvacuatlon  des  gaz 
et  Iviter  de  crier  une  surpresslon  locale  compromettant  leur  caractlre  nalssant.  Un  thermocouple  chro- 
mel-alumel  serti  dans  I'un  des  trous  permet  de  mesurer  la  teaplrature  du  ruban.  Un  syst^me  ^  contre-poids 
assure  le  contact  permanent  de  I'lchantUlon  avec  le  ruban. 

Ce  montage,  dljd  employ!  lors  des  experiences  prlcldemment  cities  (1,  2],  ne  fonctlonne  corrcc- 
tement  que  pour  le  propergol  de  rlflrence.  En  effet,  en  prisence  d'addltif,  une  couche  de  carbone 
s'interpose  progresslvement  entre  I'lchantUlon  et  le  ruban  chauffunt.  A  I'intlrieur  de  cette  couche  iso- 
lante  se  produisent  des  rlactlons  chimiques  incontrdlles*  L'analyse  des  gaz  rlvlle  alors  une  composition 
chimique  dlj^  partiellcment  brulle. 
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Oiaphrasme  d'entr^e  32  fttn 
Chambre  d'lonisation 
Quadripole 
D^tecteor 


Capteur  de  pression 
Enceinte  laboratoire.^ 
Ruban  chauffant 
Propergol 


'111' 

I  Vide  pnmaire  Vide  secondaire 
lO^mbar  lO^SlO'^mbar 


Vide  primaire  10’^  mbar 

Fig.  1  —  Montage  de  pyrolyse  par  conduction. 


Oiaphragme  d'entr^e  32  /im 
Chambre  d'lonisation 
Quadripole 
Ditccteuf, 


Capteur  de  premon 


.'inte  laboratoire 


propergol 


Vide  pnmaire  10^  mbar 


Fig.2- 


Montage  de  pyrolyse  par  rayonnement  d'une  tampe 
d  filament  de  tungstdne 


Le  montage  de  pyrolyse  par  rayonnenent  est  pr^sent^  sur  la  figure  2.  Sous  vide  et  en  I’absence 
de  conduction,  seul  le  rayonnement  permet  de  rSaliser  un  apport  de  chaleur  h  un  matSriau  ;  soit  par 
exemple  :  le  flux  de  rayonnement  d*une  source  Infrarouge.  Celle-ci  peut  fitre  une  lampe  de  150  W  1  fila¬ 
ment  de  tungst^ne  placSe  d  I’intSrleur  de  l*encelnte  laboratoire,  figure  2.  Un  r^flecteur  sphSrlque  foca- 
Use  le  rayonnement  sur  I'Ichantlllon.  Un  masque  conlque  entourant  le  falsceau  lumlneux  dlmlnue  le 
contact  entre  les  gaz  de  degradation  et  l*ampoule  chaude*  11  permet  egalement  de  pooitionner  facllement 
I'echantillon  au  point  de  foc^ilsarion.  La  surfacti;  de  regression  est  malntenue  d  hauteur  constante,  i 
I'aide  d'un  fil  metallique  tenda  eu  travers  de  I'echantlllon.  Un  capteur  de  deplacement  permet  de  deter¬ 
miner  la  Vitesse  de  degradation  obtenue. 

Dans  les  deux  cas,  la  pyrolyse  de  l*echantlllon,  en  cigarette,  est  nette  et  raplde,  et  une 
sonde  de  preidvement  de  grand  debit  esc  positionnee  de  maniere  21  asplrer  preferentlellement  les  gaz 
s'echappant  dlrectement  de  la  surface  en  regression. 

2.1.3  -  Analyse  des  gaz  de  degra^Cion  d^  progergoln  homogdnes 

L*  identification  des  especes  chimigues  resultyt  de  la  degradation  est  realises  par  spectro- 
metrle  de  masse,  A  I'^ide  d*un  ^ege  cryogenique  d  -  ldO''C  ..ntercaie  sur  le  circuit  de  preifevement.  Aprds 
une  experience,  le  rechauffement  progressif  du  pidge  Ubdre  les  differences  especes  chlmlques  par  petlts 
groupes  de  2  ou  3.  La  degradation  des  propergols  homogenes  en  phase  condensee  conduit  A  la  formation  de 
NO,  N02,  CO,  CO2.  HCHO,  HCN,  (CH0>2,  H2  et  H2O. 

Le  tableau  I  resume  les  conditions  de  pyrolyse  pour  les  deux  montages  et  les  donnees  que  I'on 
peut  en  tirer,  A  partir  de  la  modeiisation  etablle  en  (2J  pour  le  mAme  propergol.  Elies  pcrmeCtent  de 
produire  des  gaz  de  pyrolyse  dans  le  cas  oD  le  propergol  subic  un  front  chermlque  de  faible  epalsseur. 

Tableau  I 


Rayonnement  : 

conduction 

lampe  tungstAne  1 

Source  de  chaleur 

flamme  primaire 

ruban  chauffant 

A  mlrolr  : 

spherlque  : 

Pression  de  I'Schantillon  sur  le  ruban 

5.lO"2MrQD“^ 

neant  : 

Puissance  de  chauffage 

reperle  par 
T^ia^eoo’c 

150  W  ! 

Temperature  de  surface,  1) 

650  K 

320*C  ou  590  K 

Inconnue  1 

Pression  dans  I'enceince  laboratoire, 

25  bars 

en  dlbut 

10*2  mbar 

10*2  nbar  : 

en  fin  de  regression 

1  mbar 

1  mbar  : 

Vitesse  de  regression, 

5  mms”^ 

0,6  mms*^ 

0,5  mns*^  : 

Epalsseur  chauffle,^ 

^  i.J  lc’**^**’* 

120  ^m 

1000  jtn 

800 : 

Temps  de  sSjour  dans  la  zone  chauf fee,Xt^  .2^ 

vr 

24  ms 

1,7  8 

1 ,6  s  ! 

Ecart  de  tempIraCure  correspondant  A  I'epais- 

seur  de  rea^lon,  AT  .  , 

AT«  It  c^vu  4o  kcaSmck 

_ & — 

RT.  «K  Itfo 

84  K 

70  K 

Inconnu  : 

Epalsseur  de  reaction^^;  (  T^-AT^I^ 

7  ^m 

60 

Inconnue  : 

V^  I  7i  - 1  i  I  -r-  tr 

Temps  de  sejour  dans  la  zone  de  reaction,^? 

1 ,4  ms 

0,1 9 

inconnu  : 
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Le  tableau  2  fall  apparattre  lea  coapoeltlons  (XI  et  Y1  X)  dea  mSlanges  gazeux  nalssants  : 

-  en  pyrolyae  par  conduction  et  rayonnement  pour  le  propergol  de  reference, 

-  en  pyrolyae  par  rayonnement  aeulement,  en  presence  d'additlf* 

Tableau  2 

Pyrolyae  par  conduction  et  rayonnement  -  Propergola  r§f6rence  et  addltif 
Fractions  solairea  Xi  X  et  maaalquea  Y1  X 


EspSces  chlmlquea 

(CH0)j 

CO^ 

HCN 

HCHO 

NOi 

CO 

Hi 

H^O 

c*** 

Precision  (Z) 

+  25 

+  20 

+  18 

+  18 

+  22 

+  n 

+  26 

+  13 

- 

Propergol  rSfSrence 
Pyrolyae  conduction 

X 

7,0 

7,1 

0.8 

20,0 

24,5 

13,4 

13,5 

0,73 

12,9 

et  rayonnement 

Y 

11,7 

9,0 

0,6 

17,2 

32,3 

11,5 

10,9 

0.04 

6,7 

(6,8) 

Propergol  addltif 

X 

7,8 

8,6 

0,9 

22,3 

22,3 

13,7 

11,8 

0,81 

11,8 

Pyrolyae  par  rayonnement 

Y 

12,9 

10,8 

0,7 

19,1 

29,3 

11,7 

9,4 

0,05 

6,1 

(4,7) 

Commentalres 

b* 

L** 

b 

b 

b 

b 

L 

b 

b 

*  bon  **  limlte  ***  dSdulc  du  bilan  ll^nentalre 

La  premiere  llgne  correspond  2  l*catlmatlon  de  l*erreur  commlau  sur  la  determination  en  fonc' 
tlon  de  la  reproductlbillte  de  I'echantlllon  de  gaz* 

Le  tableau  3  fait  reaaortlr  le  bon  accord  dea  bllana  de  ces  comp^altlons  avec  le  propergol  Ini'- 

tlal. 


Tableau  3 


Bllana  eiementalrea  C*H>0.N 


Propergol  Initial 

C 

H 

0 

a 

24,6 

2,8 

58 

14,5 

Propergol  rlf^rence 

19,1 

2,4 

63,0 

15,6 

Pyi*  cond*  et  ray* 

17,8 

2,2 

58,7 

14,5 

Propergol  addltif 

20,3 

2,- 

62,5 

14,7 

Pyr*  rayonnement 

19,9 

2,' 

61,5 

14,5 

2.1«4  -  Olacuaalon^dea^resulcata 

Le  caractSre  nalsaant  dea  p.az  peut  Stre  appr^cie  a'.mplement  en  falsant  reaaortlr  lea  diffS- 
rentea  eapdcea  chlmlquea  nalssantea  (n),  Intermedlairea  (1)  ov  non  rlactlves  (f)  compoaant  le  m§lange  dlt 
"nalsaant"* 


n 

(CH0)2  1 

HCHO 

R6f6rence  (X  Z) 

Addltif 

N02  , 

H2 

HCN  ) 

1  53  Z 

54,1  X 

1 

NO  ] 

CO 

1  26,9  Z 

25,5  X 

f 

C02  1 

H2O  J 

1  20  Z 

20,4  X 

La  part  dea  eap^cea  verltablement  nalssantes  eat  la  plus  Importante  (v33  X),  La  part  des  eapdcea  non 
actives  peut  parattre  egaleoent  Importante  20  Z),  toutefola  CO^  ne  r^sulte  pas  en  totallte  de  reac-* 
tlons  chlmiques  entre  les  espdces  nalssantes  taals  peut  ^galement  orovenir  '^Irectement  de  la  degradation 
de  la  nitrocellulose. 

II  est  possible  d'lllustrer  concr^tement  l^avancement  de  la  combustion  en  consldlrant  I'fivolu- 
tlon  de  la  fraction  molalre  de  C02»  par  rapport  d  celles  de  toutes  les  esplces  carbon^es  du  melange 
((CK0)2,,  HCHO,  CO,  C02»  HCN,  CxHyl  et  en  tenant  compte  du  nombre  d’atomes  de  carbone  contenu  dans 
chacune  (iv)  : 


Xco, 


soit  : 
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Ce  rapport  eat  normalement  nul  au  niveau  de  la  phase  condens^e  : 


T  -  Xcfl. 

+  X  proptr^c\ 


et  11  augmente  constatomenc  au  coura  de  la  combustion  (la  temperature  finale  de  combustion  dea  propergols 
homogenea  n'est  pas  aufflsante  pour  condulre  %  une  dissociation  Importante  en  C0)« 

En  fin  de  combustion,  11  ne  rend  pas  vers  1  mala  devient  maximum  (les  propergols  homog^nes 
etant  trop  pauvrea  en  oxyg^ne,  une  partle  du  carbone  reste  sous  forme  de  C0)«  L'lndlce  maximum  en  fin  de 
combustion  peut  Itre  estlml  i  partlr  dea  resultats  de  Heller  et  Gordon  (3}  ou  d'un  calcul  3  l'6qulllbre 
(tableau  4). 


Tableau  4 


Composition  des  gaz  en  fin  de  flamme  secondalre  Heller^Gordon  t^}  et 
resultats  cites  en  {2] 


:  Espices  chlmiques 

CO 

COj. 

Nj 

CH4. 

:  ;  P.C. 

'  **1®  •  cal.g*' 

r 

•0  ; 

[31 

30 

38 

21 

0,2 

10  :  -  :  1  330 

0,557  : 

:  X^X 

:  (gaz  sees) 

38,8 

33,2 

20,6 

0 

7,7  S  -  ! 

!  (21 

:  :  800 

0,463  : 

!  Xii 

27,5 

23,7 

14,7 

0 

5,5  :  29,0  : 

On  a  ainsi,  en  surface,  pour  le  propergol  de  reference  X  •  0,13 

avec  addltlf  “  0,15 

Cette  valeur  et  la  presence  de  NO,  CO,  H2O  et  CO2  (dans  une  molndre  neaure)  dans  lea  gaz  temolgnent 
d'un  debut  de  reaction  chlmlque*  Cecl  est  en  bon  occord  avec  le  fait  que  la  fraction  massloe  de  NO2 
dans  lea  melanges  gazeux  analyses  «  0,323  et  c 0,293)  est  plus  falble  que  celle  theorl' 
quemcnt  dlsponlble  dans  le  propergol  Initial  (^0,466). 

J.  Cobbo  FERREIRA  (4]  a  tecemment  montre  que  I'lnergle  liberie  par  ces  reactions  correspond 
blen  I  I'exothermlclce  de  la  degradation  en  phase  condensee,  et  que  leur  Intensification  explique  la  va** 
elation  de  la  temperature  de  flamme  prlmalre  lorsque  la  presslon  s'eilve* 

La  falblesse  des  differences  de  composition  des  gaz  de  pyrolyse  des  deux  propergols  et  de 
I'ecart  des  Indices  de  combustion  montre  bien  que  les  addltlf e  n'ont  pas  d' action  sur  la  degradation  en 
phase  condenale* 

2  «2  •"  Gaz  Issue  de  la  flamme  prlmalre 


La  flamme  prlmalre  est  la  seconde  etape  Importante  de  la  combustion.  D'aprda  les  recherches  me** 
nlcb  preddemment  [1,  2],  e'est  d  ce  stade  que  les  addltlfs  Interviennent  dans  le  processus  de  combus** 
tion. 


La  composition  des  gaz  dans  cette  zone  a  dljd  fait  I'objet  d'lnvestlgatlons  [4  ;  5],  malu  solt 
seulement  sur  un  propergol  do  rlflrence  (4),  solt  sur  des  compositions  sssez  dlfflrentes  des  propergols 
homogdnes  (5). 

2.2.1  -  Prlnclge 

Les  flauaes  prlmalre  et  rerondalre  des  propergols  homoglnes  sent  slparles  par  une  zone  (zone 
d'lnductlon)  oO  la  temperature  il  la  concentration  des  esplces  chlmiques  Ivoluent  peu.  C'est  un  point  de 
preilveoent  partlculilrement  Intlressant. 

Sous  presslon  normale  de  fonctlonnement  (ZO  d  100  bars),  I'lpalsaeur  de  cette  zone  est  trls 
falble  (quelques  dizalnes  de  microns).  Cependant  11  est  possible  de  la  dilater,  sans  modifier  sensible** 
ment  les  reactions  chlmiques,  en  abaissant  la  presslon.  Une  sonde  de  prlllvement  refroidle  peut  alors  y 
Itre  facllement  introdulte. 

2.2.2  -  pisppslt If  experimental 

Le  propergol  cholel  PC  1100  cal.g"^  prlsente  un  effet  de  survltesse  (pas  trds  important) 
entre  10  et  30  bars.  La  combustion  est  reallsle  en  bombe  sous  presslon  d  irgon  d  6,  11,  16  et  21  bars, 
pour  les  deux  propergols  (rlflrence  et  rlflrence  addltlf).  L<  s  vitesses  de  combustion  varlent  de  2,2  A 

4,2  mms**^,  et  de  2,2  I  5,5  mms"^  respectlveoent* 

Un  Ichantlllon  de  propergol  de  5  x  4  x  35  (mm)  est  placl  vertlealement  sur  une  nacelle  TiOblle. 
Un  fil  de  resistance  chauffl  par  effet  Joule  permet  d'allumer  I'lchantlllon  qul  brQle  en  cigar<;tte.  Un 
systime  llectrlquc  de  rattrapage  asservl  par  une  photodiode  et  un  falsceau  lumlneux  malntient  la  surface 
de  combustion  i  une  hauteur  constante.  II  permet  de  positlonnner  assez  prlclslment,  au**de8su8  de  la  sur** 
face  ( :%$  3  mm),  une  sonde  refroidle  I  I'eau  et  munie  d'un  col,  qul  assure  un  flgeage  efflcace  des  gaz.  Le 
schima  de  ce  montage  est  donnl  figure  3. 
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Fig.  3  -  Montage  pour  le  prSIdvement  et  I'analyse  des  gaz 
de  fa  flamme  primaire. 


1  Sonde  de  pr^l^vement  8 

2  Resistance  d'allumage  9 

3  Joint 

4  Couronne  de  serrage  \  0 

5  Manotnetre 

6  Arnveed'argon  12 


7  Vanne  eiectromagnetique 


Circuit  de  refroidissement 
Vers  la  capacite  de  preievement 
ou  ie  spectrometre  de  masse 
Evacuation  des  gaz  bruies 
Vanne  de  detente 

Moteur  de  rattrapage  de  ia  position 
de  rechantilion 
Echantillon  de  propergoi 


2.2.3  -  Anal^^e^dea^gaz 

L’ldentlflcatlon  a  realls^e  par  chromatographle  et  confirmle  par  spectrooEtrle  de  masse. 
Les  espdces  chiolques  prSsentes  sont  CO,  C02»  NO,  N2»  H2,  CH4,  C2H4,  ^2^6*  ^2^>  dinsi 
que  HCN  et  N2O  A  I'^tat  de  traces. 


Le  tableau  5  contlent  les  compositions  sSches  obtenues  en  fonction  de  la  pression  pour  les  deux 


propergols. 


Tableau  5  :  Fraction  molalre  sfiche  (X) 


Propergoi 

pression 

(bars) 

COi 

C.H^ 

C»H. 

NO 

CH4 

HCN 

84 

CO 

lit 

R6f6rence 
Precision  (X) 

+  3 

+  8 

+  13 

+  3 

+  5 

+  36 

+  6 

+  25 

“ 

“ 

“ 

6 

12,3 

0,9 

2,1 

27,6 

2,5 

0,4 

4,0 

37,9 

12,3 

u 

12,9 

1,2 

1,8 

27,3 

2.5 

0,4 

4,1 

38,0 

11,8 

16 

13,0 

l.A 

l.« 

26,4 

2,6 

0,3 

4,3 

38,8 

11,8 

21 

12,1 

1.5 

l.l 

26,8 

2,6 

0,2 

4,8 

38,9 

12,0 

Avec  addltlf 

Precision  (X) 

+  3 

+  8 

+  13 

+  3 

+  5 

+  43 

+  7 

+  50 

6 

IM 

2,7 

2,5 

29,6 

3,5 

0,4 

3.6 

34,8 

5,9 

ll 

16,1 

3,3 

1,5 

28,7 

3,7 

0,3 

3,7 

36,0 

6,0 

16 

19,0 

3.5 

1,1 

27,8 

3.7 

0,1 

^,2 

35,1 

5,5 

21 

19,2 

4,0 

0,8 

29,0 

3.9 

0,2 

4,6 

36,2 

2,2 

Seul  le  r&sultat  sec  est  prIsentS  ;  en  effet,  quolque  la  ligne  de  pr§ldvement  soit  thcrmostatle 
d  70-‘80*C,  I'eau  n'est  pas  correcteoent  pr^lev6e.  Elle  n*apparatt  de  manl^re  substantlelle  7) 
que  pour  F  •  6  bars.  Au*-deld,  plus  la  pression  augmente,  plus  le  pic  18  paratt  petit  dans  le  spectre  de 
masse  des  gas. 


Les  tableaux  6  et  7  font  apparattre  les  bilans  ^ISaentaires  obtenus  dans  chaque  cas.  Toutefois 
pour  les  obtenir,  11  a  fallu  estimer  I'eau  A  partir  des  rSsultats  A  P  •  6  bars. 


Tableau  6 

Propergoi  de  rlf6rence 


Bilans 

C 

H 

0 

N 

Propergoi 

Initial 

24,6 

2,8 

58 

14,5 

6  bars 

22,19 

3,32 

58,73 

15,76 

(recalS) 

20,42 

54,04 

14,5 

11  bars 

22,63 

3,10 

58,39 

15,88 

(recall) 

20,66 

2,83 

53,30 

14,5 

16  bars 

22,77 

3,09 

58,52 

15,63 

(recall) 

21,12 

2,87 

54,29 

14,5 

21  bars 

22,43 

58,31 

16,18 

(recall) 

20,11 

2,76 

52,26 

14,5 

Tableau  7 

Propergoi  avec  addltlf 


Bilans 

C 

H 

0 

N 

Propergoi 

Initial 

24,6 

2,8 

58 

14,5 

6  bars 

22,2^ 

59,77 

14,59 

(recall) 

22,10 

59,40 

14,5 

ll  bars 

22,81 

3,22 

59,38 

14,6 

(recall) 

22,65 

3,19 

58,97 

14,5 

16  bars 

23,42 

2,87 

58,92 

14,80 

(recall) 

22,95 

2,81 

57,74 

14,5 

21  bars 

23,34 

2,66 

58,81 

15,19 

(recall) 

22,29 

2,54 

56,16 

14,5 
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2.2.4  -  Dl8cusulon^de8_^r|sultatg 

Lee  rlsultats  du  tableau  5  sont  dlrectement  comparables  d  ceux  de  Heller  et  Gordon  [3]  (ta¬ 
bleau  8). 


Tableau  8 


Ga2  is8u8  de  la  flamme  prlmalre 
P^sultats  de  C.A.  Heller  et  A.S.  Cordon  [3] 
Fractions  molalres,  Yi  X 


GAZ 

C0£ 

C,H^ 

C/H, 

NO 

CH4 

HCN 

CO 

Ht 

NjO 

‘(1) 

11,5 

1,3 

. 

32 

0,9 

0 

4.3 

41 

8.9 

- 

0 

11,5  bars 

(2) 

10,9 

1,3 

30,9 

0,13 

4.7 

42 

- 

- 

0,08 

(3) 

12 

l.l 

- 

30 

0,9 

0,1 

9 

38 

9.3 

. 

0 

15  bars 

W 

13 

0.6 

- 

28,6 

1,0 

0,5 

6 

40 

10 

- 

- 

0,09 

(5) 

12,9 

0,7 

- 

30 

1.1 

0,2 

4,4 

40 

10,1 

- 

- 

0,07 

(A)  >  pour  dlffSrentes  hauteurs  de  la  sonde  au-dessus  de  la  surface 


(1) 

4  m 

(3) 

6  nn 

(2) 

S  mm 

(4) 

14  mm 

(5) 

16  mm 

-  analyse  par  spectroo^trle  de  masse 

On  peut  remarquer  que  le  propergol  de  riftrence  conduit  A  une  composition  trAs  proche  de  celle 
de  Heller  et  Gordon.  En  revanche,  en  presence  d'addltlf,  le  taux  de  CO2  s'AlAve,  tandls  que  celul  de  CO 
balsse,  ce  qul  amAne  A  reprendre  I'lndlce  d'avancement  de  la  combustion  dSjA  uclllsA  pour  I'Atude  des  gaz 
nalssants . 


p 


Solt,  pour  le  propergol  de  rAfArence  et  en  prAsence  d'addltlf  : 


6  bars 

2^  -  0,208 

0,258 

11  bars 

0,214 

0,252 

16  bars 

0,216 

0,283 

21  bars 

0,205 

0,278 

0,255 


0,2Al 


I  moyen  ••  0,2U 


cc  pc  ir  Heller  et  Gordon  X  *0,2. 


Les  rAsultats  obtenus  montrent  bien  un  renforcement  de  la  flamme  prlmalre  en  prAsence  d'addl- 
tlf.  Ce  renforcement  semble  aglr  plus  sur  la  clnAtlque  chlmlque  du  carbone  que  sur  celle  de  I'azote.  Le 
taux  global  d'hydrocarbures  est  un  peu  plus  AlevA  en  prAsence  d'addltlf  (10^13  %)  et  les  proportions  de 
CO  et  CO2  aont  modiflAes,  tandls  que  les  taux  de  NO  et  de  N2  varlent  trAs  peu  d'un  propergol  A 
I 'autre. 


Les  diffArences  observAes  ne  sont  cependant  pas  trAs  Importantes.  Cecl  est  probablement  dO  au 
cholx  du  propergol  chaud  qul  Atalt  ImposA  par  la  position  de  la  survltesse  en  fonctlon  de  la  pression  et 
pai  une  production  minimum  de  carbone  dAjA  blen  gAnante  au  niveau  de  I'entrAe  de  la  sonde. 

3  -  COMBUSTION  DE  L'OCTQCENE 


En  raison  de  aa  temoArature  de  flamme  particullArement  AlevAe,  I'octogAne  permet  d'amAliorer 
les  performances  (I3.V  pi  )  des  propergols  solldes  hosogAnes,  tout  en  conservant  leur  caractAre  dls- 
cret .  1  n 

La  blbliographie  fait  apparattre  de  nombreux  travaux  concernant  la  dAtermlnatlon  des  constantes 
physlco-chimiques  et  les  mAcanlsmes  de  dAcomposltion  (rAf.  6  A  15).  Cependant,  I'analyse  des  produits  de 
dAcoaposlclon,  pourtant  loportante,  y  est  blen  souvent  abordle  de  manlAre  peu  prAclse,  entralnant  quel- 
quefols  det  InterprAtatlons  des  phAnomAnes  totalement  opposAes  [b-lO-lA-U-lS-lA-l?) . 

La  pyrolyse  linAalre  sous  vide  avec  analyse  par  spoctromAtrie  de  masse  assure  les  conditions  de 
dAgradatlon  les  plus  proches  de  celles  d'une  combustion  rAelle  et  les  plus  propres  A  Aviter  les  rAactlons 
chlmlques,  avant  analyse,  entre  les  espAces  produltes.  Cela  permet  de  prAclser  la  composition  chlmlque  du 
mAlange  rAactlf  mis  en  Jeu  dans  la  flamme. 

3.1  -  Principe 


KUBOTA  (13]  a  montrA  que  I’octogAne  brOle  avec  une  flamme  Atagee  cosuae  les  propergols  homo- 
gAnes.  Cependant,  son  Apalsscur  est  si  falble  mAme  A  basse  pression  (Pnil  bar)  qu'll  est  exclu  d'y  rAali- 
ser  un  prAlAvcment.  Au-delA  de  10  bars,  les  deux  flammes  sont  totalement  confondues  (11  faut  attelndre 
300  bars  avec  les  propergols  hooogAnes  pour  obtenir  ce  rAsultat).  Seuls  les  gaz  de  dAgradatlon  en  phase 
condensAe  sont  done  accessifcles,  leur  caractAre  nalssant  Atant  dAfinl  et  assurA  de  la  oAme  manlAre  que 
dans  I'Atude  prAcAdente. 
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3.2  -  Dlsposltlf  experimental 

Seule  la  pyrolyse  par  conduction  p«ut  (tre.sise  en  oeuvre.  II  est  difficile,  en  effet,  d'utlll- 
sec  une  source  de  rayonnement  plac€e  A  I'lnt^rleur  ou  d  I'excSrleur  de  I'enceinte  laboratolre*  Lors  du 
passage  du  front  thermlque,  une  partie  de  I'octogine  se  vaporise  et  se  recondense  (sans  decomposition  : 

1  mbar,  T  chute  brutalement  i  25”C)  en  une  poudre  blanche  tr^s  fine  sur  touCes  los  parols  froldes, 
taplssant  alnsi  le  mirolr  refiechlssant  le  rayonnement  ou  le  hublot  d'entrSe*  Cette  fraction  n'est  donr 
finalement  pas  preiev€e. 

Le  montage  utilise  (pyrolyse  par  conduction)  a  ete  experlmente  pour  1' etude  des  gaz  nalssants 
des  propergols  homogenes  (figure  2).  11  est  Inchange*  Seule  la  puissance  de  chauffage  du  ruban  a  dQ  6tre 
relevee  pour  obtenlr  la  regression  des  echantillons.  Lea  mimes  sondes  de  preilvement  et  spectromitre  de 
masse  sont  utilises  pour  I'analyse  des  gaz. 


3.3  -  Spectre  d* evaporation  de  l*octoglne 

L*evaporatlon  partlelle  de  I'octogine  lore  de  la  degradation  Impose  de  s'assurer  du  spcetre 
propre  de  cette  molecule.  II  est  realise  en  Introdulsant  dlrectement  un  petit  echantlllon  dans  la  chambre 
d'lonlsatlon  du  spectromitre,  ^  tris  basse  presslon  (environ  10“^  mbar)  et  e*'  eievant  lentement  la 
temperature  I  partlr  dd  2S*C  (  2  I  3*C/mn)«  Dans  ces  conditions,  I’octogine  s'evapore  notablement  et 
sans  degradation  I  partlr  de  170*C* 


Le  spectre  Inscrlt  au  tableau  9  cl^aprls  et  represente  figure  4  esc  obtenu  entre  190  et  230*C. 


Fiff.  4  -  Spectre  d'4vaporation  de  I'octogine 


Tableau  9 

Spectre  de  masse  de  I'octogine  Ivapore 


m/e 


42:  46:  2C:  30 


75:  29:  56:120 


:  Hr 

1000:681:4651363 

325:144:110:105 

99:99 

96 

78 

64:  61 

49:45:43 

71:  74:  57:  18 

73:  54:  14:  81 

104:98 

40 

82 

83:  48 

58:60:76 

45:53: 

40:  30:  22:  20 

19:  19:  18:  18 

17:17 

17 

17 

15:  15 

14:13:12 

12:11: 

126:41 


148 


15 


44:102 


43:2/;55 


Ce  resultat  concorde  tris  blen  avec  les  travaux  de  Bulusu  [19],  Stale  [20]  et  Volk  et  Schubert 
[21].  Ces  auteurs  ont  obtenu  une  bonne  slmUltude  quant  aux  fragments  obtenus,  certains  les  ont  mime 
identifies*  Cepcndant,  [20]  ne  donne  pas  vralment  le  spectre  et  (19)  a  fait  dlsparattre  tous  les  frag** 
meats  de  masse  relative  a/e  ^  30. 

3.4  --  Analyse  des  gaz  de  degradation 

L* identification  des  espices  chlnlques  resultant  de  la  degradation  est  reallsle  de  la  mSme  ma- 
nilre  que  precedemment  (2.1.3).  L'octoglne  conduit  tlnsl  aux  espices  de  degradation  sulvantes  : 

NO2.  N2O,  NO,  N2,  CO,  CO2,  HCN,  H2O,  NH3,  HCO'JH  et  HCHO. 
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Les  conditions  de  production  dea  g&z  de  pyrolyse  de  I'octogine  sent  les  sulvantes  : 

-  la  temperature  de  contact  ruban-lchantillon  a'ltabllt  k  297  •  300*C.  Elle  est  stable  pendant  toute  la 
durle  de  1* experience  et  notablement  plus  eievee  que  la  temperature  de  fusion  (276*C)  ; 

-  la  vltease  de  regression  est  de  0,40  ; 

-  une  fraction  inportante  de  l*echaneillon  eat  evaporee  et  recondensee  sur  les  parols  de  I'encelnte  et  de 
la  sonde  (non  preievee  :  absence  du  pic  k  la  masse  relative  42  correspondent  k  un  fragment  Important  de 
la  molecule  d'oetogene  dont  11  seralt  caracterlstique)  ; 

-  la  presslon,  de  I'ordre  de  10“^  mbars  au  depart,  s*eieve  k  1,5  mbar  en  cours  de  pyrolyse. 

Le  tableau  10  cl-dessous  resume  cea  conditions  et  lea  donneea  qu'll  est  possible  d'en  tirer  k 
partlr  des  relations  etablles  en 


Tableau  10 


i  Temperature  de  surface 
:  Presalon  enceinte 
:  Vitesse  de  regression 

300*C  ou  570  K 
10“2  g  1,5  mbar 
0,4  cm.s"^ 

:  Epalaseur  chauffee  : 

;  (avec  ftp  ft  10*^  cm^.s”^) 

*  0,1  cm  solt  lOOO^m 

:  Temps  de  sejour  dans  la  zone  chauffee  : 

:  (Tc<T<T,  ) 

"Cc  M  -  2  5  8 

_  2,5  s 

:  Ecart  de  temperature  correspondent  k 
:  I'epalsseur  de  reaction  : 

:  (avec  ^  «53  kcal.mole*^  (6J) 

:  Epalaseur  de  reaction  : 

^  ty(i 
Vr 

AT  -  - -  -  51  K 

1 1-  E»  _ 

RTs  LlOO 

- .  0,0046  cm 

QOit  46 

:  Temps  de  sljour  dans  la  zone  de  reaction 

*  (T,-AT<T<r,  ) 

0,12  8 

***8011  120  ms 

Toutes  ces  valeura  sont  prochea  de  celles  obtenuea  pour  les  propergola  honogenes.  Cependant,  la 
pyrolyse  de  I'octogene  eat  reallsee  k  une  temperature  auplrleure  k  celle  du  point  de  fusion,  276*C  (22). 
11  exlste  done  une  tone  fondue  dont  11  n^eat  pas  possible  de  determiner  I'epalsseur  (I'lc )antlllon  est 
presse  centre  le  ruban  chauffant). 

Le  tableau  1 1  et  la  figure  5  preaentent  le  spectre  moyen  alnsl  obtenu  sur  4  experiences  : 


Fig.  5  -  Spectre  de  pyrolyse  de  Foctogine. 
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Tableau  11 


Spectre  de  maase  des  gaz 
de  pyrolyae  de  l*occogdne 


m/e 

Hr 


30 

27 

28 

44 

29 

14 

26 

18 

16  : 

1000 

706 

361 

297 

137 

159 

144 

100 

88,9: 

12 

17 

13 

15 

46 

14 

2 

31 

45 

22  : 

60,7 

34,7 

24,5 

23,7 

18/ 

18,8 

16,9 

8,6 

6,3 

0,6  : 

des  gaz 

de  degradation  obtenue 

est  presentee 

au  tableau 

12.  La 

I'Schantlllon  gazeux*  Pour  lea  autres  eapdces  chlmlquea,  NH3,  C02»  HCOOH,  N2  et  CO  qul  sont  dS- 
duitea  du  spectre  dans  de  mauvalaes  conditions,  11  n'est  paa  possible  de  determiner  serleusement  I'erreur 
commlse. 

Tableau  12 


Calcul  de  la  composition  du  melange  de 
gaz  laau  de  la  pyrolyae  de  l*octogene 


Eepdce 

chlmlque 

27:  18 

HCN  :H^0 

27:  18 

2 

Hz 

2 

44 

COz 

44 

44 

N2.O 

44 

46 

HCOOH 

29 

17 

NH, 

17 

46 

N0£ 

30 

30;  30; 

HCHO  :N0  : 

29 :  30 

28 

28 

28 

CO 

28 

Erreur  % 

+  4  :+  20 

+  24 

- 

1  ® 

- 

- 

+  26 

+  23  :+  19 

- 

- 

X  fraction 
mol  a  Ire 

j 

20,4:  6,7 

1.2 

l.l 

14,2 

0,2 

0,7 

15,8 

15,4:  19,1 

3,5 

1.9 

X  fraction 
maaslque 

16,8:  3,7 

0.1 

1,4 

19.1 

0.2 

0.3 

22,2 

14,1:  17,5 

3,0 

1,6 

A  partlr  de  cette  coopoaiclon,  11  eat  possible  de  recalculer  le  bixan  eiementalre  C*H*0.N,  et 
I'on  constate  alora  un  bon  accord  avec  la  composition  eiementalre  d'orlglne* 

Tableau  13 


Bilans  eiementalrea 


BILAN 

C 

HON 

octogdne  de  diparc 

16,2 

2,7  43,2  37,8 

gaz  analyses 

14,2 

2,1  44,6  39.0 

3.5  -  Dlecusslon  des  resultata 


Le  caractdre  nalssant  des  gaz  est  assure  par  les  conditions  des  expiriences  (temperature,  pres- 
slon,  temps  de  sSJour  :  tableau  10)  cc  de  I'analyse  (SM).  SI  I'on  reprend  I'lndlce  d'avancement  de  la 
combustion  dlflni  lore  de  I'^tude  des  propergols  homog^nes  2.1 »4,  11  vlent  : 


3: 


Xcot 

2  nXi, 


(1  limlt§  aux  espdces  chlmiques 
1 , 1  •  1,1  ■  0,03  carbonSes) 

20,4  +  1,1  +  0,2  +  13,4  +  1,9  39  (n  nombre  d’atomes  de  carbone 

contenu  dans  cbacune) 


Le  caractire  nalssant  des  gaz  apparalt  egalemenc  en 
santes  et  finales  : 


Itablissant  les  soomes  des  esp^ces  nalS" 


-  espdces  r^actives  Issues  dlrectement  de  la  degradation 


HCN 

H2 

N2O 


NO2 

HCHO 


f-'f  X 
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u 


I 

\ 


\ 

i 


-  esp^ces  partlellement  bruises  oals  susceptlbles  de  r§agir  encore  : 

NO 

CO  21,2  Z 

HCOOH  J 

La  Somme  de  ces  esp^ces  est  falble  par  rapport  d  celles  n'ayant  pas  du  tout  rSagi* 

-  esp^ces  de  fin  de  combustion  : 


N2 

CO2 

H2O 


11,3  X 


La  somme  de  ces  espSces  est  falble  par  rapport  d  la  somma  des  deux  autres  categories* 

Blen  que  presentant  des  llmltes  dues  aux  recouvrements  I’e  spectre  de  masse  des  gaz  analyses, 
les  resultats  acquis  apportent  quelques  predolons  : 

-  11s  montrent  1* Importance  equivalence  des  ruptures  initialed  des  liaisons  R"N7^N02  et  R7^N''N02 
entralnant  la  formation  slmultanee  de  NO2  et  N2O  ; 

~  lls  montrent  que  seule  une  analyse  des  gaz  dans  la  zone  inter-flaome  pourraJt  apporter  d* autres  rensei" 
gnements  pour  completer  les  connalssances  actuelles*  Devant  les  dlfflcultls  du  preievement  ^  reallser,  on 
peut  se  demander  si  une  telle  experience  poss^de  un  reel  intlret,  d'autant  qu'^  la  presslon  reelle  de 
fonctlonnement  (P  ^100  bars),  les  deux  flammea  sont  totalement  confondues. 

Les  reactions  chlmiques  en  phase  gazeuse  seront  plus  complexes  que  dans  le  cas  des  prooergols 
homogenes,  du  fait  de  la  presence  de  trois  oxydants  et  deux  combustibles  : 

NO2  HCHO 

N2O  HCN 

NO  et  tree  peu  de  ( / 

Comme  dans  le  cas  des  propergols  homogenes,  le  NO  peut  proven!*'  d’un  debut  de  reaction  en  phase 
condenses  correspondent  I  un  degagement  de  chaleur  qul  rend  la  degradation  globalement  exothermlque* 

La  presence  de  N2  dans  les  gaz  de  degradation  peut  avoir  une  orlglne  semblable  :  un  dlbut  de 
reduction  de  N20* 


II  est  difficile  de  comparer  compieteaent  les  resultats  obtenus  d  I'ONERA  avec  ceux  de  Reyer 
(17].  Ce  dernier  donne  un  spectre  des  gaz  de  pyrolyse  tr^s  Incomplet.  Cependant,  11  a  travallie  dans  des 
conditions  tr^s  proches  de  celles  decrltes  pricedemment*  11  a  deceie  la  presence  d'une  quantltie  notable 
de  N02»  ce  qul  montre  que  la  rupture  de  la  liaison  N  -  N  se  prodult  blen* 

11  est  plus  facile  de  falre  la  comparalson  avec  les  resultats  de  Suryanarayana  et  Craybush 
(16)  I  male  lls  ne  predsent  pas  toutes  les  conditions  de  la  degradation.  II  apparatt  des  differences 
Importantes  pour  les  csp^ces  sulvantes  HCN,  C02>  N2^  et  N2  ;  d'autre  part,  la  presence  de  H2O, 
H2,  HCOOH,  NH3  et  NO2  n'est  pas  detectee. 

Le  tableau  14  donne  les  compositions  obtenues  par  les  references  cltees  et  les  resultats  ONERA* 

Tableau  14 


Suryanarayana  et 
Craybush  (16) 

Beyer  |17) 

ONEKA 

Spectrometrle 

Spectrom6trle 

Spectrometrle 

Methode 

de  masse 

de  masse 

de  masse 

d' analyse 

Octogdne 

Octogdne/P.U. 

Octogene 

Temperature  (^C) 

A  10"^  mbars 

298>^A5rt«  -  276 

Presslon 

lO"^  A  1,5  mbars 

Vitesse  de  pyrolyse 

Tr^s  grande 

0,4  mm.s’"^ 

Composes 

Fraction 
molalre  (Z) 

Spectre  ? 

Fraction 
molalre  (Z) 

HCN 

4,5  (100  X  UN) 

42 

20,4 

H2O 

0 

6,7 

H2 

0 

i.i 

CO2 

8,5 

i.i 

N2O 

40  (99  X 

100 

14,2 

HCOOH 

(1  X 

0 

0,2 

NH3 

0 

0,7 

NO2 

0 

64 

15,8 

HCHO 

22,9 

39 

15,4 

NO 

9,9  (100  X  N) 

27 

19.1 

t>2 

9,6  (100  ) 

3,5 

CO 

4,1 

1.9 

TOTAL 

99,5 
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A  -  CONCLUSION 


Quolque  les  propergols  hooogignes  solent  un  sujet  d*^tude  assez  ancien,  leurs  mScanlsmes  d<e 
coabustion  et  les  aScanlsaes  d'actlon  des  addltlfs  peraettant  de  cr^er  des  affets  da  plateau  et  de  mesa 
pr^sentalent  encore  d' Importantes  Incertitudes  ayant  pour  consiquence  des  Interpretations  tr^s  diffe- 
rentes  des  phenomiines* 


Les  r^sultats  '^es  analyses  de  gaz  sont  raasembies  sur  la  figure  6  ;  elles  ont  apporte 
edairclssements  sulvants  : 


les 


c  0.0s 

n4f4r<)nc<  AOdillf 

TfifW2700K 

e,H,-C>0>N0, 

NOi  0  39 

NO, 

_ 

MO, 

UMK  0.39 

AtMN 

M,  M  M| 

NO  0,11 

NO 

0,36 

0,36 

NO 

i  i 

N| 

0.04 

0,03 

N, 

OtI 

Y  "T 

eo  0.10 

CO 

0.34 

0,21 

CO 

014 

0  0  0 

C0«  0,09 

CO, 

0,17 

0.33 

CO, 

014 

H|0  0  06 

H,0 

016 

0,16 

H,0 

0.1* 

M|  o.ooos 

N| 

0.01 

000: 

M| 

0.6  V4 

^NOi.C  -  0.4S6 

HCN0C07 

Fig.  6  “  R4sultsts  (Yif  de  la  combustion  d'un  propergol 
homogine chaud (P.C.  “  llOOcal.g''} 


-  sur  les  gaz  produits  par  la  degradation  en  phase  condenaee  : 


L'analyae  des  gaz  naisaancs  eat  reallaee  dans  des  conditions  tris  proches  de  celles  d'une  combustion  sous 
presalon  (realisation  de  temps  de  a^Jour  trds  courts).  Cela  peraet  la  mise  an  Evidence  de  NO2  ( 29X) 
dont  la  presence  n'6tait  ant^rleurenent  pas  observ^e  dlrectementt  d'ald^hydes  HCHO  (  17  Z)  et  (CHO)2 
(yA,ll.7  Z)  et  de  ^isidus  carbon^a.  La  degradation  est  done  blen  InltlalisSe  par  la  rupture  des  liaisons 
CO  N02*  Cette  analyse  montre  aussl  que  des  reactions  N02'*ald6hyde8  donnant  N0»  C0»  C02»  II2O 
ae  produlsent  dda  la  phase  condena6ei  rendant  improbable  le  pr^livement  de  gaz  totalement  "nalssants".  La 
comparaison  entre  propergol  de  rifirence  et  avec  additlf  montre  que  les  additifs  n'aglsscnt  pas  au  niveau 
de  la  phase  condens^e*  Uno  Stude  thermogravim^trique  de  la  stabilltS  des  additifs  montre  que  ceux-^cl  au” 
bissent  la  degradation  du  propergol  sana  transformation  notable. 


-  Au  niveau  des  gaz  rfesultant  de  la  zone  de  flamme  primaire  : 

L*analyse  dca  g^z  dans  la  zone  dMnduction  montre  que  la  flamme  primaire  est  bien  due  essentiellement  aux 
reactions  chlmiques  entre  SO2  et  les  aldehydes*  Cep..'ndant,  un  dlbut  de  redaction  de  NO  s'y  prodult. 
Elle  montre  aussl  que  faction  des  additifs  a  blen  lieu  h  ce  niveau  de  la  combustion.  lU  raodlfient  les 
reactions  de  production  et  de  consommatlon  du  carbone,  condulsant  A  des  gaz  plus  brOlls*  Ces  resulcats 
sort  confirmes  par  des  experiences  de  simulation  menees  en  paralieie  (reaction  N02/aldehyde,  d'od 
•  5  kcal.oole"',  rSacclon  ald6liy<le/aildU Us  — r  C,  C02)"  La  presence  d’addlltf  renforce  don,:  la 
flamme  primaire  dont  le  flux  de  conduction  vers  la  surface  est  plus  intenoe  et  permet  la  nalssance  d'un 
effet  de  survltessc. 


Fig  7  -  Bffets  de  sumtesse 


20-13 


Le  aScanlsme  propose  pour  la  premiere  survltesse  est  prSsentS  par  la  figure  7.  L’effet  de  sur- 
vitesse  est  111  I  la  prisence  d'une  trane  carbonie  d  la  surface  du  propergol*  Cette  trane  provlent  de 
riactlons  entre  aldihydes  (Issus  de  la  phase  condensle,  en  quantltls  d'autant  plus  Importantes  que  le 
propergol  est  riche  en  nitrocellulose)  et  les  residua  des  sels  de  plomb*'  Cett'^  trame  a  pour  effet  d'aug- 
menter  les  riactlons  entre  NO  et  carbone  et»  dans  le  cas  oQ  le  rlsldu  carboni  t<«t  tris  Important,  de  ser- 
vlr  d'accroche  flamme  pour  la  flamme  secondalre* 

En  outre,  la  surface  d'ichanti lions,  Itelnts  brutalement  par  une  dipressurlsation  raplde  et 
examines  au  microscope  ^lectronique  d  balayage,  montre  clalremAnt  la  prisence  de  la  trame  carbonie 
pendant  la  survltesse  et  sa  disparltlon  apris  le  retour  au  niveau  de  la  rifirence*  Pour  le  propergol 
chaud,  cette  trame  est  beaucoup  plus  falble  que  pour  le  propergol  frold,  et  de  mime  pour  1* effet  de  sur- 
Vitesse. 

Pour  expllquer  la  disparltlon  de  la  trame  carbonie,  deux  mlcanlsmes  peuvent  Itre  envlsagls  : 

1)  L'augmentation  de  la  riactiviti  dans  la  flamme  prlmalre  Indulr  des  riactlons  entre  les  espices  chi-* 
miques  et  le  carbone  qul  flnit  par  se  consommer  plus  vlte  qu'il  ne  se  forme  ;  dans  ces  conditions,  la 
survltesse  disparatt  progresslvement  (effet  plateau)  ; 

2)  Lorsqoe  la  trame  est  tris  Importante,  elle  peut  s'arrdcher  brusquement  de  la  surface,  d'oCl  un  retour 
b*‘utal  do  la  >!*^e8se  au  niveau  de  la  rifirence  (effet  mesa). 

L* ef f Icsiitl  de  le  technint.e  He  nyrolyae  llnlatre  souft  vide  pour  riallser  la  dIgradation  raplde 
d'un  matirlau  dans  des  conditions  assurant  le  figeage  des  riactlons  entre  les  espices  rhlmiques  produltes 
a  Itl  dlmontrle  pit  les  risultats  obtenus  sur  lea  propergols  homogines.  II  a  done  Itl  possible  d'envlsa- 
ger  I'extenslon  de  ces  expirlencea  I  des  prodults  plus  rlcemment  Introdults  dans  la  fabrication  des  pro** 
pergols  solides  :  les  nitramlnes,  en  particuller  I'octogine. 

Comaie  loe  propergols  humogines,  I'octogine  brOle  ovec  une  flamme  l^agle  formle  I  partlr  des  ^ar 
de  dIgradation  de  la  pl.aae  condensle.  ti'analyse  de  ces  gaz  a  done  Itl  riallsle.  La  composition  obtenue 
est  essentlellement  caractlrlslo  par  la  prisence  en  abondance  Iqulvalente  des  oxvdanta  NO2  22,2  X 

et  N2O  Vs  19,1  X  et  des  combustibles  HCHO  ys  14,1  X  et  HCN  16,8  X»  La  prisence  de  NO  /  -*  17,5  X 
et  N2  'y»3,0  X  montre  que  des  riactlons  se  produlaenc  ausst  dis  la  phase  condensle.  Des  investigations 
aux  Itapes  Intermldlalrea  de  la  combustion  nc  peuvent  Itre  menlea  de  la  mime  manlire  que  pour  les  pioper-* 
gols  hoieogines  :  mime  aux  basses  presalons,  la  ditermlnatlon  du  profll  Chermique  montre  que  lea  diffl-* 
rentes  zones  de  flaomes  aont  tris  aerries.  11  est  tris  difficile  d'y  gllsser  une  sonde  de  prlllvcment. 

Des  amlllorations  peuvent  Itre  apportics  : 

-*  I  la  technique  de  pyrolyse  linlalre  par  rayonnement,  en  particuller  par  une  augmentation  des  vltesses 
d^  pyrolyse,  de  manlire  I  rldulre  encore  les  temps  de  sljour  et  h  approcher  au  plus  pris  des  conditions 
rieiies  de  combustion.  Seule  cette  technique  pereettralt  d’ltudler  les  propergols  frolds  plus  Intlres** 
sants  :  survltesse  plus  importante,  rlsldus  carbonie  en  plus  grande  quantltl  et  done  le  rile  paralt  plus 
marqui.  La  pyrolyse  par  User  esc  pcuc*'lcre  une  aolutlon*  Pour  rinstant,  elle  prisente  des  dlfflcultls 
de  mise  au  point.  L'utiUsatlon  d'une  source  type  corps  nolr  tris  puissance  est  Igalement  possible,  mals 
ccrcalneaent  plus  lourde  I  oettre  en  oeuvre  ; 

aux  prlllvements  dans  U  zone  d' induction  par  une  riducclon  des  dimensions  de  la  sonde  pour  pouvolr 
effectuer  les  prlllvenents  I  presslon  plus  llevie  et  done  Itudier  des  survltesses  plus  Importances.  Ceci 
est  tris  difficile,  en  raison  du  rltrlclssement  de  la  zone  d* Induction  en  prisence  d'additlf  et  de  la 
prisence  de  rlsldus  carbonis.  II  faudralt,  en  fait,  utlllser  une  mithode  d'analyse  sans  prlllvement. 
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ABSTRACT 

Acoustic  suppressants  are  commonly  added  to  low  smoke  and  smokeless  propel  1  ants- to 
avoid  the  problem  of  combustion  Instability.  Although  some  suppressants  are  considered 
to  be  Inert,  most  actually  react  with  the  combustion  products.  If  a  particle  reacts 
while  traversing  a  relatively  large  portion  of  the  system,  the  Interchange  of  energy 
between  the  burning  particle  and  the  acoustic  environment  can  result  In  either  a  driving 
or  damping  contribution  to  the  acoustics  of  the  system,  which  Is  referred  to  as 
distributed  combustion.  Instead  of  using  actual  solid  propellants,  an  experimental 
technique  was  developed  to  study  this  mechanism  utilizing  a  gas-fired  Rijke  burner. 
Advantages  of  this  approach  allow  testing  an  additive  Independent  of  the  propellant 
burning  surface,  avoiding  the  use  of  solid  propellants,  and  allowing  for  Independent 
control  of  frequency,  0/F  ratio,  temperature,  and  particle  addition. 

A1  and  ZrC  are  additives  commonly  used  In  solid  propellants  to  suppress  combustion 
Instability  Experimental  results  obtained  using  A1  and  ZrC  In  the  Rijke  burner 
indicate  that  both  additives  cause  an  Increase  in  the  acoustic  growth  rate  when  compared 
to  growth  rates  obtained  without  any  particles  In  the  system.  The  Increase  caused  by  A1 
Is  significantly  greater  than  that  caused  by  ZrC,  which  Is  expected  because  the  reaction 
of  A1  releases  more  than  twice  the  energy  ZrC  does.  The  Increase  In  the  acoustic  growth 
rate  due  to  distributed  combustion  was  fovid  to  be  directly  related  to  the  heat  of 
reaction. 


INTRODUCTION  *  BACKGROUND 

Various  Ingredients  are  routinely  added  to  solid  propellants  for  the  purpose  of 
supressing  acoustic  combustion  Instability.  However,  the  basis  for  selecting  the  type, 
size  and  concentration  of  particle  Is  not  well  founded.  Furthermore,  additives  that 
seem  to  work  In  T-burners  do  not  necessarily  work  In  motors  .and  an  additive  that  works 
In  one  motor  does  not  necessarily  work  In  a  different  motor  Additives  also  appear 
to  be  frequency  dependent,  working  In  one  frequency  range  but  not  another  ' *  ’ .  The 
confusion  and  disarray  of  knowledge  on  the  subject  clearly  Indicates  that  an  In-depth 
study  Is  warranted. 

During  the  1970' s  when  T-burners  were  being  adapted  to  measure  the  characteristics 
of  metallized  propellants,  there  were  several  experimental  results  that  were  never 
totally  resolved  (see  for  example  References  Z,  3  and  associated  articles).  For 
example,  at  Identical  test  conditions  the  variable  area  T-burner  usually  gave 
significantly  different  particle  damping  values  than  did  the  end  burning,  pulsed  T- 
burner.'  Also,  the  velocity  coupled  T-burner  gave  significantly  dliferent  results  than 
an  end  vented  burner  with  tha  same  propellant  and  at  Identical  test  conditions  One 
reason  for  the  observed  differences  could  be  that  aluminum  agglomeration  occurs 
differently  In  tlie  different  configurations.  A  second  reason  could  be  the  effects  of 
distributed  combustion.  In  an  end  burning  configuration,  the  particle  residence  time  Is 
relatively  long  and  the  aluminum  Is  most  likely  to  burn  relatively  close  to  the 
propellant  surface.  On  the  other  hand,  for  side  burning  configurations  with  larger 
areas,  residence  times  will  definitely  be  shorter,  and  It  Is  more  likely  that  the 
aluminum  will  burn  throughout  a  si gni f leant . length  of  the  burner,  possibly  leaving  the 
burner  incompletely  oxidized.  Calculations  have  shown  that  this  Is  highly  probable, 
and  are  shown  In  Figure  I.  The  figure  shows  that  for  the  specified  conditions,  and  for 
a  propellant  area  ratio  of  6  or  greater,  aluminum  agglomerates  of  80  urn  or  greater  will 
not  burn  completely  before  leaving  the  burner.  This  means  that  the  aluminum  agglomerate 
will  be  burning  throughout  the  cavity.  Interacting  with  the  acoust<c  wave,  which  Is  In 
effect,  distributed  combustion. 

The  process  of  distributed  combustion  has  generally  been  Ignored  In  acoustic 
analyses  of  rocket  motors  In  the  pa«t.  It  Is  usually  assumed  that  the  particle  additive 
(usually  A1  ,  b  .'ns  close  enough  to  the  propellant  surface  to  be  treated  as  a  boundry 
condl t1 on. 

Ac.'justic  suppressants  have  also  been  added  to  low  smoke  and  smokeless  propellants 
for  Vie  past  decade.  For  rany  years  aluminum  was  a  panacea  for  combustion 
1  nstalil  1 1  ty .  however,  as  the  motlxation  to  eliminate  smoke  In  rocket  exhausts 
Increased,  aluminum  pegan  to  be  eliminated  rrom  propellant  formulations.  In  an  attempt 
to  avoid  combustion  instability,  other  Ingredients  were  sought  that  would  act  as 
acoustic  suppressants. 


‘This  work  was  performed  under  contract  AFOSR  83-0157  with  Dr.  Leonard  Caveny  as  program 
manager. 

‘Current  aduressf  Horton-Thiokol ,  Wasatch  Division,  Brigham  City,  Utah. 

'•Current  addressi  IRECO  Incorporated,  Salt  Lake  City,  Utah. 
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In  an  attempt  to  understand  the  mechanistic  action  of  acoustic  suppressants, 
various  possible  mechanisms  will  now  be  considered  and  discussed.  There  appear  to  be 
three  predominant  mechanisms  whereby  additives  can  influence  or  suppress  an  acoustic 
wave:' 

(1)  Viscous  energy  dissipation  due  to  particle  drag  (i.e.  the  classical  particle 
damp! ng) . 

(2)  Modification  of  the  combustion  response  function  due  to  Interaction  of  the 
additive  with  the  burning  surface.  {This  could  be  supressive  or  additive). 

(3)  Distributed  energy  release  of  a  reacting  additive  interacting  with  the  acoustic 
wave  (this  also  could  either  suppress  or  drive  an  acoustic  wave). 


Particle  Damping 


Particle  damping  due  to  viscous  drag  is  a  well-established  phenomenon.  Tempkin  and 
Dobbins  and  Carhart  and  Epstein  established  the  theoretical  basis  for  particle 
damping,  verifying  the  theory  by  measuring  the  damping  of  aerosols  on  acoustic 
waves  (see  also  reference  9).  The  equations  derived  by  Epstein  and  Carhart  were 
simplified  by  Temkin  and  Dobbins,  although  the  basic  theory  was  not  altered.  The  work 
of  Temkin  and  Dobbins  was  later  modified  slightly  by  Culick  who  arrived  at  the 
following  equation: 


where  a  is  the  acoustic  damping  coefficient  in  sec'^,  u  is  the  angular  frequency,  C,.  is 
the  mass  fraction  of  particulate  matter,  Xi  is  the  mass  fraction  of  particulate  matter 
with  diameter  D{ ,  and  is  the  viscous  relaxation  time,  pDt/IBp.  This  equation  shows 
that  the  damping  provided  by  a  given  particle  is  primarily  dependent  on  the  particle 
diameter  and  the  frequency  of  oscillation.  However,  it  is  also  a  function  of  the 
particle  concentration,  particle  density  and  the  viscosity  of  the  gas. 

More  recently,  workers  at  NHC  iu.l2,13)  performed  a  series  of  experiments 
using  various  burners  with  propellants  containing  well  characterized  particles.  Their 
measurements  before,  during  and  after  combustion  compare  extremely  well  with  their 
corresponding  calculations,  verifying  quantitatively  particulate  damping  theory  in  a 
combustion  environment.  They  used  an  end  burning  T-burner  which  results  in  relatively 
large  residence  times  for  the  particles,  minimizing  ony  effects  of  distributed 
combustion.  In  such  a  system,  low  flow  rates  and  large  residence  times,  cause  the 
aluminum  to  burn  completely  to  aluminum  oxide  close  to  the  burning  surface. 


In  the  work  reported  by  Derr  two  different  types  of  propellant  were  used,  one 
containing  5T  aluminum  oxide  and  the  other  containing  lOt  aluminum  oxide  (all  other 
ingredients  were  identical).  In  each  case  the  initial  particle  size  distribution  of 
aluminum  oxide  was  identical,  and  each  of  the  propellants  were  tested  at  three  different 
frequencies,  280,  700,  and  1800  Hz.  After  burning  the  propellant,  the  particles  were 
collected  and  analyzed.  The  measured  particle  size  distribution  was  then  used  to 
calculate  the  theoretical  damping.  Kraeutle  et  al.  extended  the  work  by  varying 
the  particle  size  distribution  while  holding  the  amount  of  aluminum  oxide  in  each 
propellant  constant.  Agreement  between  the  experimental  results  and  the  theoretical 
predictions  is  shown  in  Figure  2. 


Apparent  discrepancies  exist  between  the  MWC  particle  damping  results  and  motor 
data  where  conflicting  results  have  been  observed  based  on  particle  damping  theory. 
Particles  do  cause  a  certain  amount  of  damping,  but  obviously  they  do  not  always  provide 
sufficient  damping  to  completely  stabilize  some  motors.  The  lack  of  a  totally  stable 
motor  can  be  erroneously  interpretted  as  a  total  absence  of  particle  damping.  It  is 
readily  apparent  from  equation  (1)  that  particle  damping  is  a  very  strong  function  of 
both  frequency  and  particle  diameter.  Thus,  it  is  not  surprising  that  a  particle  that 
damps  well  at  one  frequency  may  not  df.rap  well  at  a  different  frequency.  For  example,  at 
300  Hz  and  It  concentration,  a  12  urn  particle  provides  4  sec'^  of  damping,  whereas  a  2 
pm  particle  provides  negligible  damping.  At  30,000  Hz  and  It  concentration,  the  2  urn 
particle  provides  320  sec"'  damping  compared  to  the  12  urn  particle's  10  sec"^  of 
damping. 

Although  particle  damping  can  be  considered  a  well-established  phenomenon, 
predictions  of  motor  results  based  on  particle  damping  theory  alone  are  very  often 
disappointing.  Cases  have  occured  in  both  motor  and  T-burners  where  suppressant 
particle  size  or  type  has  been  changed  based  on  particle  damping  theory  only  to  result 
in  worse  oscillations  .  If  a  theory  cannot  correctly  predic‘  experimental  results, 
how  can  the  theory  be  considered  to  be  quantitatively  correct?  It  can,  if  there  are 
several  mechanisms  competing  with  each  other!  It  appears  that  experimental  observations 
often  referred  to  as  "particle  damping"  are  actually  the  result  of  several  combined 
mechanisms  including  particle  damping,  distributed  combustion,  and  possibly  surface 
response  modification. 


Surface  Response  Modification 


Solid  particles  added  to  a  propellant  for  particulate  damping  can  have  a  catalytic 
influence  on  the  propellant  combustion,  modifying  the  transient  combustion  response. 
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The  best  documented  example  of  this  is  probably  Al203(^^).  AI2O3  is  the  particulate 
product  of  aluminum  corabustiAn  anA  has  been  added  to  propellants  as  an  "inert"  to  study 
and  verify  particle  damp!  ng' .  However,  AI2O3  is  also  a  weak  burn  rate  catalyst 
used  to  Increase  the  burn  rate  of  composite  propel! ants' ^ .  Similar  metallic  oxides 
are  also  known  to  have  catalytic  effects  on  propellant  combustion.  If  an  additive 
influences  the  steady  burning  of  a  propellant,  it  would  also  be  expected  to  influence 
the  transient  response  of  the  propellant  also.  Therefore,  additives  such  as,Al203  can 
be  expected  to  cause  or  change  the  measured  response  of  a  propellant.  Crump  found 
this  to  be  the  case  with  AI2O3  in  composite  prope’lants. 

Particle  size  is  also  an  important  factor.  Finer  particles  normally  exhibit 
greater  catalytic  effect  on  the  steady  state  burn  rate  than  coarser  particles  due  to  the 
relatively  large  available  specific  surface  area  for  a  given  volume  or  weight  of 
additive.  The  same  trend  should  be  expected  with  the  transient  combustion. 
Furthermore,  such  an  effect  might  also  be  expected  to  be  frequency  depenoent  due  to  the 
very  short  characteristic  times  of  fine  particles  compared  to  coarse  particles.- 
Therefore,  the  effect  of  an  additive  such  as  AI2O3  should  be  expected  to  be  dependent  on 
the  particle  size  as  well  as  on  the  test  frequency.  This  is  an  area  where  little  is 
known  and  future  research  is  needed  to  clarify  the  effect  of  additives  on  the  propellant 
response  function. 

Variable  Energy  Release  (Distributed  Combustion) 


When  ZrC  was  first  added  to  propellants  it  was  considered  to  be  an  "inert" 
additive.  However,  Zr02  was  found  in  nozzle  entrance  areis,  and  thermochemical 
calculations  show  that  oxidation  of  the  ZrC  is  to  be  expected.  Aluminum  is  also  known 
to  react  relatively  far  from  the  burning  propellant  surface  for  certain  test 
conditions.  In  references  a  model  was  developed  to  calculate  the  effect  of  distributed 
combustion  on  viscous  particle  damping  of  an  acoustic  wave.  The  model  accounted  for  the 
changing  particle  size  of  burning  aluminum  for  both  original  aluminum  particles  and 
agglomerated  aluminum.  The  unagglomerated  aluminum  was  assumed  to  burn  directly  to 
oxide  smoke  while  the  agglomerates  were  assumed  to  form  both  oxide  smoke  and  a  surface 
oxide,  ultimately  forming  oxide  caps  of  a  specified  size.  The  calculations  were 
compared  to  variable  area  T-burner  data  for  a  typical  aluminized  composite  propellant. 
The  calculated  results  show  that  significant  amounts  of  the  metal  can  1eavi>  the  burner 
unburned,  causing  a  change  in  damping  for  changing  residence  time.  The  results,  shown 
in  Figure  3,  invalidate  the  usual  assumption  that  particle  damping  is  independent  of 
propellant  area  ratio.  The  calculated  particle  damping  changed  by  a  factor  of  two  over 
the  typical  range  of  conditions  used  in  variable  area  T-burners.  Thus,  it  can  be 
anticipated  that  variable  area  T-burners  and  end  burning,  pulsed  T-burners  should 
measure  different  particle  damping  values  as  observed.  For  actual  motors,  the 
anticipated  damping  could  also  be  significantly  different  from  what  would  be  calculated 
based  on  T-burner  data. 


The  Rijke  Burner 

The  complex  environment  inside  a  burning  fullscalc  rocket  motor  is  a  very  difficult 
(and  expensive)  place  to  obtain  experimental  data.  As  a  result  different  devices  have 
been  used  to  simulate  the  acoustic  environment  created  inside  a  rocket.  Host  of  these 
devices  have  been  some  form  of  T-burner,  but  some  other  devices  have  also  been  used. 
The  Rijke  burner  used  in  the  present  study,  see  Figure  4,  is  a  gas  burner  with  a 
cylindrical  body  and  a  flameholder,  usually  a  wire  screen,  placed  in  the  lower  half  of 
the  tube.  .As  the  gases  burn,  longitudinal  model  acoustic  oscillations  are  generated. 
Rayleigh'*"'  offered  the  first  correct  explanation  ot  the  origin  of  the  oscillations 
present  in  a  Rijke  tube  (the  Rijke  tube  differs  from  the  Rijke  burner  in  that  the  Rijke 
tube  utilizes  natural  convection  without  combustion  while  the  Rijke  burner  utilize, 
forced  convection  and  combustion).  He  stated  that  for  the  oscillations  to  be  sustained, 
heat  must  be  added  to  the  gas  at  the  moment  of  greatest  compression  or  taken  away  at  the 
point  of  greatest  expansion. 

Although  the  T-burner  has  been  widely  used  to  study  unstable  propellant  combustion 
there  are  several  advantages  to  using  a  Rijke  burner  for  studying  additives.  First, 
because  the  Rijke  burner  does  not  use  solid  propellant,  an  additive  can  be  tested 
independently  of  the  propellant  burning,  allowing  the  study  of  the  effects  of 
distributed  combustion  without  interference  due  to  possible  modification  of  the  burning 
surface  response.  Second,  the  system  can  easily  be  tested  with  or  without  particles, 
thus  evaluating  system  effects  which  is  very  difficult  to  do  in  u  T-burner.  Third,  a 
high  pressure  environment  is  required  to  burn  solid  rocket  propellant  efficiently  while 
the  Rijke  burner  can  operate  at  atmospheric  pressure.  This  makes  it  easier  to  observe 
the  behavior  0'  an  additive  in  the  Rijke  burner  as  well  as  reducing  operating  costs 
significantly.  Finally,  various  types  of  particles  (reactivi  or  Inert)  can  be  tested 
under  identical  conditions  to  better  identify  actual  mechanistic  action. 

Oiederichsen  has  also  used  the  Rijke  burner  to  study  acoustic  suppressants. 
The  majority  of  his  work  was  concerned  with  the  characterization  of  the  burner  without 
particles;  however,  he  did  test  a  small  number  of  additives.  Oiederichsen  ranked  the 
additives  he  tested  in  order  of  increasing  effectiveness  as  follows:  aluminum  fl-ke, 
atomized  aluminum,  titanium  dioxide,  magnesium  oxide  and  asbestos  powder,  magnesium, 
aluminum  oxide,  and  silica  ('Microsil').  Unfortunately  due  to  limitations  within  his 
expenint  *3l  system  he  was  only  able  to  obtain  qualitative  results  (le.  limiting 
pressure  amplitude  rather  than  growth  rates).  Also,  he  did  not  document  the  sizes  of 
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the  additives  used  which  would  have  been  very  useful  in  evaluating  the  suppressants  from 
a  theoretical  basis. 

The  Rijke  burner  used  in  the  current  work  is  shown  in  Figure  4.  It  burns  a  mixture 
of’  propane,  oxygen  and  nitrogen  and  is  water  cooled.-  Optical  quality  quartz  tubes  of 
varying  length  are  placed  on  top  of  the  burner  and  the  flame  is  stabilized  on  a  20  mesh 
stainless  steel  screen.  The  burner  frequency  is  varied  by  varying  the  length  of  quartz 
tubing  and  adjusting  the  length  of  the  lower  section.  Gas  flowrates  to  the  burner  are 
controlled  with  precision  rotometers.  A  fluidized  bed  particle  feeder  which  is 
suspended  from  an  electronic  balance  is  currently  used  to  determine  the  continuous 
flowrate  of  particles  into  the  burner. 

As  the  gases  burn,  acoustic'  oscillations  of  variable  amplitude  develop  in  the  Rijke 
burner.  To  control  (start  and  stop)  the  oscillations  and  obtain  the  growth  rate  of 
these  oscillations,  a  paddle  was  developed  which  slides  across  the  top  of  the  quartz 
tube  changing  the  acoustic  velocity  boundary  condition  shuting  off  the  oscillations.  It 
then  is  withdrawn  back  to  its  initial  location  allowing  the  oscillations  to  grow  to 
their  steady  state  value.  The  oscillations  arc  monitored  with  high  frequency  pressure 
transducers,  the  transducer  output  is  amplified  and  then  recorded  on  a  high  speed 
oscillograph.  To  ensure  the  efficient  collection  of  data  both  the  paddle  and 
oscillograph  are  controlled  by  a  micro-computer. 

Extensive  testing  was  performed  to  characterize  the  burner  and  determine  optimum 
test  conditions  for  the  study.  Temperature  profiles  were  measured  for  each  of  the 
particle  types  as  well  as  for  the  gas  only  condition.  Data  were  taken  with  i/32  inch 
(0.79  mm)  sheath  diameter  type  K  thermocouples  (Chromel-AI  umel ) .-  The  measured  profiles 
are  shown  in  Figure  5.  Although  the  equilibrium  flame  temperature  is  approximately  2500 
K,  the  measured  temperatures  are  generally  much  lower  throughout  the  burner.  This  is 
due  in  part  to  the  fact  that  the  thermocouple  nearest  the  flame  was  located  in  the  water 
cooled  section  of  the  burner  and  as  a  result  produced  low  temperature  readings.  Despite 
the  qualitative  nature  of  the  measured  temperature  profiles,  it  is  important  to  note 
that  the  temperatures  <n  the  Rijke  burner  are  higher  when  aluminum  and  zirconium  carbide 
are  present  than  when  no  particles  have  been  added  to  the  system.  This  is  apparently  a 
result  of  the  energy  added  to  the  system  when  the  aluminum  or  zirconium  carbide 
particles  burn.  A  second  very  important  observation  is  that  the  gas  temperatures  are 
very  low  indicating  significant  heat  losses  through  the  Rijke  burner.  This  indicates 
that  the  usual  assumption  of  the  gas  temperature  being  constant  throughout  the  length  of 
the  burner  is  not  accurate. 


Results  and  Di scussion 

To  study  the  effects  of  distributed  combustion  in  an  acoustic  environment  A1  and 
ZrC  were  added  to  the  Rijke  burner  in  varying  amounts.  Acoustic  growth  rate  and 
limiting  pressure  amplitude  measurements  were  made  for  each  test  case  and  were  used  to 
evaluate  the  effect  of  distributed  combustion  and  particle  damping.  A  sample  acoustic 
growth  curve  for  a  test  involving  A1  is  shown  in  Figure  6.  A  major  difficulty  in 
determining  growth  rates  when  A1  or  ZrC  are  added  is  that  oscillations  grow  so  quickly 
in  the  Rijke  burner  that  the  number  of  data  points  in  the  linear  portion  of  the  growth 
curve  is  limited.  Data  were  obtained  with  each  additive  varying  the  weight  percent  of 
the  additive.  Figure  7  shows  that  both  particle  additives  caused  the  acoustic  growth 
rates  to  increase  significantly  over  the  baseline  case  without  particles.  In  both  cases 
the  acoustic  growth  rates  Increased  as  the  mass  loading  increased,  and  as  expected  the 
growth  rates  for  tests  using  A1  were  higher  than  those  using  ZrC. 

The  reactions  of  A1  and  ZrC  are: 

2  A1  +  3/2  02  »  AI2O3  (6) 

ZrC  t  2O2  =  Zr02  +  COp  (7) 

On  a  weight  basis  the  heats  of  reaction  for  A1  and  ZrC  are  -7.4  Kcal/gm  A1  and  -3.1 

Kcal/gm  ZrC  respectively. 

The  rate  of  reaction  cannot  be  calculated  a  priori  but  it  can  ie  anticipated 

qualitatively.  Aluminum  burns  by  first  melting  and  vaporizing.  Then  the  oxidizing 

medium  and  A1  vapor  diffuse  together  to  react  at  a  location  above  the  particle 
surface.  ZrC  has  a  much  higher  melting  and  boiling  point,  such  that  it  is  more  likely 
to  react  in  the  solid  phase  without  melting.  The  oxidizer  must  diffuse  to  the  surface 
of  the  solid  ZrC  and  react  heterogeneously  which  is  usually  a  slower  process  than  a 
vapor  phase  reaction.  Also,  the  heterogeneous  reaction  will  most  likely  be  diffusion 
limited  and  therefore  would  be  independent  of  pressure.  Therefore,  it  is  probable  that 
A1  reacts  more  rapidly  than  ZrC.  Bicause  A1  probably  reacts  more  rapidly  and  its 

reaction  releases  more  than  twice  the  energy  of  the  ZrC  reaction,  A1  is  expected  to  have 
a  greater  influence  on  the  acoustics  of  the  system  tlian  ZrC. 

Assuming  that  the  increase  in  the  acoustic  growth  rate  is  directly  related  to  the 
heat  of  reaction,  it  should  be  possible  to  divide  the  acoustic  growth  rate  by  the 

appropriate  heat  of  reaction  and  arrive  at  a  normalized  acoustic  growth  rate  which 
should  be  a  direct  measure  of  distributed  combustion.  To  determine  the  acoustic  growth 
rate  due  to  distributed  combustion  the  average  acoustic  growth  rate  (330  sec."  of  the 

baseline  case  was  subtracted  from  the  growth  rates  obtained  with  A1  and  ZrC  present. 

(Note  that  this  procedure  neglects  any  catalytic  effects  which  may  occur  due  to  the 
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particles).  The  results  of  these  calculations  are  shown  in  Figure  8  for  the  7  uiii  ZrC 
and  13  un  A1 .  While  some  of  thv  normalized  growth  rates  for  the  ZrC  appear  slightly 
higher  than  those  for  A1 ,  within  the  data  scatter  the  two  sets  of  data  are  equivalent, 
indicating  that  the  amount  of  energy  release  is  the  primary  mechanism  leading  to  the 
distributed  combustion. 

In  addition  to  the  acoustic  growth  rates,  the  limiting  pressure  amplitude  was 
measured  for  each  test.  The  limiting  pressure  amplitude  is  determined  by  the  noi.-linear 
damping  within  the  system  and  should  indicate  which  non-linear  mechanism  is  dominant. 
The  celculated  linear  particle  damping  due  to  13  urn  A1  or  7  urn  ZrC  used  in  the 
experiments  is  -40  sec‘^  at  8?  loading,  the  differences  in  particle  sizes  ano  densities 
compensating  for  each  other.  The  damping  value  is  very  small  when  compared  to  the 
acoustic  growth  rates  measured  in  the  Rijke  burner,  but  is  virtually  identical  for  the 
two  different  particles.  If  the  limiting  amplitude  is  determined  by  the  non-’ 1  nean t1  es 
of  the  particle  damping,  then  the  limiting  pressure  amplitude  for  the  two  cases  would  be 
expected  to  be  similar  because  of  the  similarity  in  particle  characteristics  and 
calculated  linear  particle  damping.  If  the  limiting  amplitude  is  determined  by  the  non- 
linearities  of  the  combustion,  then  the  measured  amplitudes  for  tne  two  additives  would 
be  expected  to  be  different,  perhaps  proportional  to  the  heat  of  reaction.  Figure  9 
shows  that  for  both  types  of  particles  the  limiting  amplitude  decreased  as  the  mass 
loading  increased,  and  as  expected  the  actual  amplitude  for  the  two  cases  for  a  given 
mass  loadings  was  virtually  the  same.  Because  of  the  similarities  in  the  limiting 
amplitudes,  one  might  expect  the  non-linear  particle  damping  to  be  the  dominant  non¬ 
linear  mechanism  present  rather  than  non-linearities  associated  with  the  combustion. 

CONCLUSIONS 

An  initial  study  of  two  acoustic  suppressants  commonly  used  in  solid  rocket 
propellants  has  been  performed.  A  Rijke  burner  was  used  to  create  an  acoustic 
environment  which  is  similar  to  that  found  in  a  solid  propellant  rocket  motor.  Because 
the  Rijke  burner  does  not  use  solid  propellant,  it  was  possible  to  study  the  effect  of 
the  additives  without  the  catalytic  influence  the  additive  might  have  on  the  propellant 
response  function.  An  increase  in  the  acoustic  growth  rate  was  observed  when  A1  and  ZrC 
were  each  added  to  the  system.  This  Increase  was  apparently  the  result  of  energy  being 
added  to  the  system  by  the  distributed  combustion  of  the  additive  particles.  It  also 
appears  that  the  increase  in  the  acoustic  growth  rate  due  to  distributed  combustion  is 
directly  related  to  the  heat  of  reaction  of  a  given  particle,  as  shown  in  Figure  8. 
This  being  the  case,  the  larger  the  heat  of  reaction  a  given  acoustic  suppressant  has, 
the  more  significant  effect  it  is  likely  to  have  on  the  acoustics  of  the  system,  it  is 
believed  that  this  work  represents  the  first  quantitative  study  of  the  mechanism  of 
distributed  combustion  in  an  acoustic  environment. 
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BURNING  AREA  /  FLOW  AREA 


FIGURE  1- 


COMPARISON  OF  ALUMINUM  AGGLOMERATE  COMBUSTION  AND 
RESIDENCE  TIMES  FOR  AN  800  Hz  BURNER  /T  3. A  MPa 
(500  PSD  AND  0.81  CM/SEC  (0.32  IN/SEC)  VARYING 
THE  RELATIVE  AMOUNT  OF  PROPELLANT. 
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CALCULATED  DAMPINO  (SEC~'| 


FIGURE  2;-  Measured  Versus  Calculated  Damping  for 
Aluminized  Propellants  A  and  B  (•)  and  for  Propel 
lants  C,  0,  E,  and  F  Which  Were  Loaded  With  Alum¬ 
inum  Oxide  Particles  (o) . 


0  1-0  2,0  3.0  d.O  5.0  6.0 

AREA  RATIO 


FIGURE  3:  CALCULATED  OAMPIHG  VERSUS  AREA  RATIO  FOR  800  Hz 
TEST  CONDITIONS. 
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Hacei 


Variable  Length 
Quartz  Tubing 


Figure  4.  Sketch  of  Rijke  tube  burner  used. 


Axial  Distance  From  Flameholder  (mm) 


Figure  s.  Temperature  distribution  in  the  Rijke  burner 
with  and  without  particle  additives  present. 
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Figure  6.  Growth  of  pressure  oscillations 
in  the  Rijke  Burner  with  zirconium  carbide  part¬ 
icles  present. 
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Figure  7.  Acoustic  growth  rate  (a)  in  the  Rijke  burner 
vs.  mass  fraction  aluminum  and  zirconium  carbide. 


21-11 


A  :  Zirconium  carbide  particles 
□  t  Aluminum  particles 


Heat  of  Reaction 
Aluminum 

Zirconium  carbide 


7.4  kca 1/gram 
3.1  kcal/gram  ' 


Hass  Fraction  Particles  (Ht.  X) 

Figure  s.  "Pseudo-  acoustic  growth  rate  vs.  mass  traction  of 
13  micron  aluminum  and  7  micron  zirconium  carbide  (mass  mean  diameter). 


#  t  gas  only 

□  *  Aluminum  particles 

A  >  Zirconium  carbide  particles 


Mass  Fraction  Particles  (wt,  x) 

Figure  9.  Limiting  pressure  aplitude  vs.  mass  fraction 
aluminum  and  zirconium  carbide  in  the  Rijke  burner. 
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DISCUSSION 


P.Ramette,  FR 

How  do  you  explain  that  on  Fig.  5  of  your  paper  the  addition  of  AL,  AL,0,  or  ZrC  leads  to  a  reduction  of  temperature 
immediately  behind  the  flame  holder’’  The  difference  in  the  cast  of  AL-O,  amounting  to  1 60’K. 

Author’s  Reply 

The  reduction  in  flame  temperature  is  probably  dec  to  two  reasons.  Primarily,  the  particles  before  they  ignite  rcuucc  the 
temperature  near  the  flame  holder.  As  the  particles  ignite  and  burn  downstream  of  the  flame  holder  then  the 
temperature  should  rise,  relative  to  the  ‘gas  only’  condition.  This  is  in  fact  the  observed  behaviour. 

The  second  and  less  important  reason  is  da'a  scatter.  However  this  scatter  should  be  random  but  v.iiti  all  three  particles 
the  temperature  was  reduced.  Therefore  this  .second  reason  is  less  plausible  than  the  first. 


REPORT  DOCUMENTATION  PAGE 


1 .  Recipient's  Reference 

2.  Originator’s  Reference 

3.  Furthr'.  Reference 

4.  Security  Classification 
of  Document 

! 

AGARD-CP-391 

ISBN  92-835-0387-2 

UNCLASSIFIED 

5.  Originator  Advisory  Group  for  Aerospace  Research  and  Development 


North  Atlantic  Treaty  Organization 
7  rue  Ancelle,  92200  Neuilly  stir  Seine,  France 

___ 

SMOKELESS  PROPELLANTS 


7.  Presented  at 

the  Propulsion  and  Energetics  Panel  66th  (A)  Specialists'  Meeting,  held  in 
Florence,  Italy,  12-13  September  1 985. 


8.  Author(s)/Editor(s) 

Various 

9.  Date 

January  1986 

10.  Author VEditorS  Address 

Various 

1 1 .  Pages 

174 

1 2.  Distribution  Statement  j(, ;umcnt  is  distributed  in  accordance  with  AG  ARD 


policies  and  regulations,  which  are  outlined  on  the 
Outside  Back  Ctwers  of  a,.  \GARD  publications. 

13.  Kcyssords/Dcseriptors 

Inhibitors  s 
Minimum  smoke  > 

Particle  collection  > 

Plume  analysis  s 
Reduced  smoke , 

,  14.  Abstract 

'■--V  -- 

The  Conference  Proceedings  contain  1 1  unclassitled  papers  presented  at  the  Propulsion  ami 
Energetics  66th  (A)  Specialists'  Meet’ng  on  Smokeless  I’ropellants,  which  was  helil  on  12—13 
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The  Technical  iivaluation  Report  is  included  at  the  beginning  of  the  Proceeilings.  Questions  and 
answers  of  the  discussions  follow  each  paper.  The  Specialists’ Meeting  was  arranged  in  the  following 
sessions:  A  Res  iew  of  Smokeless  Propellant  Technology  ( I );  Prediction  and  Measurement  of 
Signature  (3);  Chemistry  ol  Smokele.ss  Propellants  ( 1 2);  and  Smoke  Measurements  (4). 

Tile  purpose  of  the  Speeialists'’Meeting  was  to  bring  together  specialized  experts  in  the  field  of 
snaikeless  propellants  in  order  to  discuss  the  derinitions  of  the  various  degrees  of  smokelessness,  and 
provide  the  results  of  the  investigations  performed  in  the  last  years.  The  achievements  were  discussed 
in  the  Technical  Evaluation  Report,  which  suggests  also  several  subjects  for  future  investigations. 
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